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Abstract 


The  structure  of  oriented  transfer  films  of  poly(tetrafluoroethylene)  (FIFE), 
previously  used  as  orientation  inducing  layers  for  a  variety  of  materials,  was 
studied.  Transmission  electron  microscopy  and  X-ray  di^ractometry  were 
employed  to  determine  the  continuity  and  relative  volume  of  the  PTFE  films, 
which  were  deposited  onto  glass  substrates  by  friction  transfer  at  controlled 
temperatures,  pressures,  and  sliding  rates.  The  thickness  and  continuity  of  the 
films  were  found  to  increase  with  increasing  temperature  and  applied  pressxire. 
In  the  range  of  sliding  rates  used  (0.1  to  10  mm/s),  no  significant  correlation 
between  this  processing  variable  and  the  thickness  or  continmty  was  apparatt. 
Transmission  electron  microscope  investigations  showed  that,  generally,  the 
(100)  plane  of  the  PTFH  crystalline  unit  cell  was  parallel  to  the  glass  surface. 
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Introduction 

It  is  well  established  that  when  poly(tetrafluoroethylene)  (PTFE)  is  rubbed 
against  a  clean  surface,  under  appropriate  conditions,  a  highly  oriented  thin 
film  is  deposited  onto  the  surface  [1  -  3].  The  PTFE  chain  axes  in  these  so-called 
"transfer  films"  are  oriented  parallel  to  the  surface  and  along  the  sliding 
direction.  Recently,  these  films  were  shown  to  act  as  very  effective  substrates 
for  promoting  oriented  growth  of  a  variety  of  materials,  including  polymers, 
liquid  crystals  and  certain  small  organic  and  inorganic  molecules,  deposited 
onto  them  from  solution,  the  melt  or  vapor  phase  [4]. 

The  effectiveness  of  these  friction-deposited  PTFE  transfer  films  as 
orienting  substrates  is  expected  to  significantly  depend  on  the  degree  of  chain 
orientation  within  the  film,  its  surface  topography  and  continuity.  The  absolute 
thickness  and  its  fluctuations  across  the  film  are  also  likely  to  be  important 
features  for  certain  applications  of  oriented  materials  grown  onto  the  PTFE 
layers,  e,g.  in  optical  components.  Thus,  it  is  important  to  determine  the  effects 
of  the  various  deposition  parameters  on  the  characteristics  of  the  films  and 
establish  procedxires  for  optimal  transfer'film  formation. 

Numerous  previous  studies,  particularly  in  the  field  of  weair,  have  dealt 
with  PTFE  transfer  layers,  ;infortunately,  not  always  yielding  a  simple  and 
consistent  documentation  of  the  effects  of  temperatxire,  pressure  and  sliding 
rate  on  their  thickness  [1  -  3,  5  - 12].  Films  deposited  at  temperatures  ^  20  °C  and 
sliding  rates  <100  mm/s  reportedly  have  thicknesses  that  range  from  a  few 
atomic  layers  [5  -  7]  to  10-40  nm  [1].  In  studies  in  which  spectroscopic 
techniques  were  used  to  measxire  the  film  "thickness",  the  actual  measured 
parameter  was  the  amount  of  deposited  PTFE,  and  the  continuity  of  the  film 
was  not  considered  in  the  calculations  [5  -  7].  Clearly,  the  amoxmt  of  PTFE 
deposited  is,  in  fact,  a  fimction  of  both  film  thickness  and  continuity.  Yang  et 
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al.  [8]  found  that  the  amount  of  FITE  deposited  on  stainless  steel  increased  with 
increasing  temperature  and  pressure,  but  Jain  and  Bahadur  [9]  reported  that  for 
FTFE  deposited  on  polyethylene,  the  amoimt  actually  decreased  with  increasing 
pressure.  Both  Jain  and  Bahadur  [9]  and  Wheeler  [7]  claimed  that  the  amount 
deposited  increased  with  increasing  sliding  rate  within  the  range  of  10  mm/s  to 
100  mm/s. 

Relatively  thick  PTFE  layers  have  been  deposited  under  more  extreme 
conditions.  Makinson  and  Tabor  [1]  found  that  the  thickness  of  PTFE  layers 
deposited  at  a  relatively  low  temperature  of  -3  °C  and  a  sliding  rate  of  10  mm/ s 
was  0.5  -  5  |im.  Briscoe  et  al.  [2]  observed  that  at  room  temperature  and  sliding 
rates  >100  mm/s  the  deposited  film  contained  relatively  thick,  irregular 
fragments.  However,  Tanaka  et  al.  [10]  reported  that  the  thickness  of  films 
formed  at  room  temperatme  and  sliding  rates  of  300  mm/s  was  only  30  nm, 
and  argued  that  the  thickness  was  relatively  independent  of  the  sliding  rate  or 
temperature  except  imder  extreme  conditions.  For  PTFE  deposited  at  very  high 
sliding  rates  (>500  mm/s),  the  reported  values  of  thickness  range  from  -  0.1  ^lm 
[1]  to  -  1  ^un  [11  -  13]. 

The  effect  of  sliding  rate  and  temperature  on  the  degree  of  orientation  of 
the  deposited  PTFE  macromolecules  has  not  been  studied  in  detail.  Makinson 
and  Tabor  [1]  foimd  that  PTFE  chains  deposited  at  room  temperature  and  a 
sliding  rate  of  10  mm/s  are  highly  oriented  in  the  sliding  direction.  PTFE 
deposited  at  a  temperature  of  -3  °C  and  the  same  sliding  rate  was  isotropic,  as 
indicated  by  birefringence  meas^lrements.  Pooley  and  Tabor  [3]  observed  that 
highly  oriented  films  were  formed  at  sliding  rates  of  ~  1  mm/ s  and 
temperatures  of  30  to  150  ®C.  Tanaka  et  al.  [10]  claimed  that  the  PTFE  chains 
were  oriented  in  the  sliding  direction  for  films  deposited  at  room  temperature 
and  sliding  rates  of  300  mm/s.  However,  critical  examination  of  their  published 


4 


electron  diffraction  pattern  reveals  that  the  degree  of  orientation  in  the  films 
was  relatively  poor. 

In  the  current  work  we  re-examined  the  effect  of  temperature,  pressure, 
and  sliding  rate  on  the  thickness  and  continuity  of  PTFE  films  that  were 
friction-deposited  on  cleaned  glass  slides.  X-ray  diffractometry  was  used  to 
measure  the  relative  volume  of  the  films,  and  the  continuity  or  glass-substrate 
coverage  of  the  films  was  derived  from  transmission  electron  microscopy 
(TEM)  images. 


Experimental 
Friction  Deposition 

The  deposition  method  involved  sliding  one  end  of  a  9  mm  diameter  PTFE  rod 
on  a  glass  slide  at  controlled  temperatures,  pressures,  and  sliding  rates. 
Common  commercial  grade,  melt-crystallized  PTFE  rods,  machined  to  the 
appropriate  size,  were  used-  Silica  glass  slides  were  cleaned  in  a  -  1%  KOH/  10 
%  water/  90  %  ethanol  solution  for  at  least  1  hour,  rinsed  with  distilled  water 
and  blow  dried  with  pressurized  air  priOT  to  use. 

Figure  1  is  a  schematic  drawing  of  the  apparatus  xised  in  this  study. 
Details  of  its  design  are  discussed  in  a  separate  publication  [14].  The  PTFE  rod 
and  the  glass  substrate  were  heated  to  the  same*  desired  temperature  and 
brought  into  contact.  An  appropriate  contact  load  was  applied  and  the  glass 
substrate  traversed  at  a  controlled  speed.  The  PTFE  coated  glass  was 
subsequently  cooled  in  air. 


It  was  found  that  heating  only  the  PTFE  rod  or  the  glass  slide,  generally,  yielded  inferior 
layers,  and  less  reproducible  results. 
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PTFE  films  were  deposited  at  temperatiires  of  30,  200,  250  and  300  **€, 
contact  pressxires  of  0.03,  0.3,  0.8  and  1  MPa,  and  sliding  rates  of  0.1,  1  and  10 
mm/s.  Only  one  v-,eposition  parameter  (e.g.,  temperature)  was  varied  at  any 
time.  In  each  set  of  experiments,  films  were  produced  coitsecutively  with  the 
Pr^h  fod  at  a  fixed  orientation  relative  to  the  sliding  direction,  xinless  indicated 
otherwise. 

X-ray  Diffraction 

Relative  volumes  of  deposited  PTFE  films  were  obtained  from  the  relative 
intensities  of  the  010  reflection  of  the  PTFE  crystal  lattice,  as  measiued  by  X-ray 
diffractometry  (Sdntag  diffractometer  model  2000).  This  measurement  was 
performed  at  25  °C  where  PTFE  is  in  its  crystalline  phase  IV  [15].  The  integrated 
intensity  was  calculated  by  counting  at  regular  angular  increments  across  the 
peak.  The  scheme  of  the  analysis  is  detailed  below. 

Transmission  Electron  Microscopy 

The  degree  of  film  continuity  was  determined  by  transmission  electron 
microscopy  (TEM).  For  this  purpose  PTFE  transfer  films  were  decorated  with 
low  molecular  weight  polyethylene  by  vapor  deposition  in  vacuum  [16].  This 
technique  is  known  to  be  very  effective  in  revealing  the  oriented  structure  of 
surfaces.  The  s«unples  were  subsequently  shadowed  with  Pt  and  coated  with 
carbon  in  vacuum.  Several  drops  of  poly(acrylic  add)  (50%  aq.  solution)  were 
applied  to  the  coated  PTFE  films.  After  drying,  the  poly(acryEc  add)  was  peeled 
off  together  with  the  PTFE  and  the  carbon  coating.  The  samples  were  allowed 
to  float  on  the  surface  of  distilled  water  until  the  poiy(acryiic  add)  dissolved, 
and  the  PTFE  films  were  placed  on  Cu  grids  for  examination  in  the  electron 
microscope. 
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Images  and  diffraction  patterns  were  recorded  with  a  JEOL  lOOCX 
instrument  operated  at  80  kV.  The  overall  continuity,  or  degree  of  coverage,  of 
FIFE  was  calculated  after  measuring  the  continuity  in  TEM  images  of  many 
representative  areas  of  the  sample.  The  PTFE  films,  which  were  observed  at  a 
magnification  of  5000  times,  were  scanned  in  a  direction  perpendicular  to  the 
sliding  direction. 

Resiilts  and  Discussion 

Electron  diffraction  studies  revealed  that  highly  oriented  films  of  PTFE  in  its 
hexagonal  crystal  structure  were  formed  over  the  entire  range  of  deposition 
conditions  employed  in  this  work,  i.e.  at  temperatures  of  30  to  300  ^C,  pressures 
of  0.05  to  1.0  MPa,  and  sliding  rates  of  0.1  to  10.0  mm/s  (see  Experimental). 
Figure  2  shows  a  typical  diffraction  pattern,  displaying  the  superb  chain 
orientation  in  the  transfer  films.  Importantly,  the  nature  and  quality  of  the 
diffraction  pattern,  and  hence  the  degree  of  molecular  orientation,  were  not 
noticeably  affected  by  the  deposition  conditions;  although,  of  course,  the 
intensity  of  the  diffraction  spots  were  dependent  upon  the  film  thickness. 

When  the  PTFE  samples  were  rotated  around  the  chain  axis  in  the 
electron  microscope,  strong  structure  factors  of  the  100  or  110  reflections 
appeared  at  angles  of  ±30°.  This  observation  revealed  that  the  (010),  or  dose- 
packed,  plane  of  PTFE  was  parallel  to  the  substrate  sxirface,  as  shown  in  Figure 
3(a).  In  this  orientation,  the  b*-eixis  is  normal  to  the  substrate  surface  (Figure 
3(b)). 

X-ray  Measurements 

The  thickness  of  the  PTFE  films  formed  by  the  friction-deposition  method  onto 
glass  slides  was  generally  less  than  50  tun,  which  was  not  suffident  for 


7 


detection  in  a  conventional  X-ray  Laue  camera  in  the  transmission  mode. 
However,  we  succeeded  in  measuring  the  intensity  of  the  010  reflection  using 
the  following  method. 

In  the  X-ray  diffractometer  used,  the  source  and  the  counter  were  set  to 
rotate  at  the  same  angle  6  from  the  horizontal  as  shown  in  Figure  4,  while  the 
sample  was  located  in  the  horizontal  plane  with  the  PTFE  chain  axis  in  the 
plane  of  the  incident  and  diffracted  beams.  The  Ewald  construction,  shown  in 
Figure  4,  illustrates  that  the  X-ray  counter  records  the  intensity  profile  along  the 
direction  normal  to  the  sample  surface,  i.e.  parallel  to  the  b*-axis.  The  intensity 
profile  of  the  010  reflection  was  recorded.  This  reflection,  which  is  equivalent  to 
the  100  and  110  reflections,  is  the  most  intensive  of  the  hexagonal  phase  IV  of 
PTFE.  Figure  5  shows  a  typical  intensity  profile  of  the  010  reflection  at  the  18° 
diffraction  angle  26. 

For  very  thin  materials,  in  which  there  is  little  absorption  of  X-rays,  the 
integrated  intensity  of  a  diffraction  peak  is  proportional  to  the  volume  of 
irradiated  material  according  to  the  following  equation  [17]: 

I-IoFhki-V  (1) 

where  V  is  the  volume  of  the  sample,  F]^jj  is  the  structure  factor,  and  Iq  is  the 
intensity  of  the  incident  beam.  The  latter  was  approximately  constant  during 
the  period  of  the  measurements,  typically  -90  min;  the  measured  intensity  of 
the  010  reflection  for  a  given  sample  did  not  change  significantly  during  this 
period.  Accordingly,  the  integrated  intensity  of  the  010  reflection  peak  was 
taken  to  be  proportional  to  the  irradiated  film  volume,  which  was  near  the 
center  of  the  sample. 
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Figiires  6  and  7  show  the  results  of  measxired  relative  volumes  and 
continuity  of  the  deposited  films.  "Continuity"  here  is  defined  as  the  fraction 
of  a  given  glass  substrate  area  covered  with  PTFE.  Both  the  volume  and  the 
continuity  increased  with  increasing  deposition  temperature  and  applied 
pressure.  These  results  are  consistent  with  some  of  the  earlier  studies  which 
revealed  that  the  amount  of  PTTE  deposited  on  a  steel  surface  increases  with 
increasing  temperature  [8]  and  applied  pressure  [8, 18]. 

Different  regions  of  a  relatively  discontinuous  film,  which  was 
"decorated"  with  vaporized  polyethylene,  are  shown  in  Figures  8(a)  and  8(b). 
Polyethylene  lamellae  formed  by  this  method  were  aligned  on  the  PTFE  ^ayers 
and  randomly  oriented  on  the  imcoated  glass  surfaces  between  these  layers. 
Clearly,  the  PTFE  continuity,  or  degree  of  coverage,  was  greater  in  the  region 
shown  in  Figure  8(a).  These  PTFE  layers  were  essentially  uninterrupted  and 
their  widths  approximately  constant,  along  the  sliding  direction.  Perpendicular 
to  this  direction,  however,  the  degree  of  PTFE  coverage  generally  varied  from 
site  to  site.  Because  of  this  feature,  the  overall  continuity  was  calculated  only 
aifter  measuring  the  continuity  of  many  such  areas  of  a  film.  The  continuity 
values  shown  in  Figures  6  and  7  are  those  of  films  with  an  intermediate  value 
of  relative  volume  (or  X-ray  signal  intensity)  compared  to  that  of  other  films 
produced  under  the  same  conditions. 

Figure  6  shows  that  the  thickness  and  continuity  of  friction-deposited 
films  increased  significandy  with  increasing  temperahire.  The  volume  of 
deposited  PTFE  changed  by  a  factor  of  about  15  over  the  temperature  range  of 
200  OC  to  300  OC,  while  the  continuity  changed  by  a  factor  of  only  about  2.6 
(from  -30  %  to  -80  %).  This  implies  that  the  PTFE  thickness  changed  by  a  factor 
of  -6  over  this  temperature  range. 
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The  X-ray  signal  from  films  produced  at  temperatures  well  below  200 
and  the  aforementioned  pressure  and  sliding  rates  was  undetectable,  and  thus 
the  relative  volume  of  deposited  PTFE  could  not  be  determined  at  these 
temperatures.  The  continuity  of  films  produced  at  room  temperature  was  very 
low  (<-5  %),  although  parts  of  the  PTFE  film  may  have  been  too  thin  to  be 
detected  in  the  electron  microscope  at  the  magnification  used  (i.e.,  5000  times), 
despite  the  polyethylene  decoration  and  Pt  shadowing. 

The  thickness  and  continuity  increased  significantly  with  increasing 
applied  pressure  for  films  produced  at  a  temperature  of  300  °C  and  a  sliding  rate 
of  1  mm/s  (Figure  7).  Films  produced  at  the  highest  pressure  (1.0  MPa)  were 
-50  %  continuous,  while  those  produced  at  the  lowest  pressure  (0.05  MPa) 
covered  only  -10  %  of  the  glass  surface.  The  volume  of  deposited  films 
changed  by  a  factor  of  -8  over  the  pressure  range  studied,  compared  to 
approximately  a  5-fold  change  in  the  continuity  and  a  1.5-fold  change  in 
thickness. 

No  significant  correlation  was  found  between  the  sliding  rate,  in  the 
range  studied,  cind  the  thickness  and  continuity  of  the  films.  For  films 
produced  at  the  same  pressure  and  temperature,  the  voliune  decreased  with 
increasing  sliding  rate  in  some  series  of  runs — at  most  by  a  factor  of  -2.5  over 
the  range  of  0.1  to  10  mm/s — while  in  other  cases  there  was  no  significant  effect 
of  the  rate  on  the  deposited  volume.  These  results  are  in  accord  with  another 
published  study,  which  also  reported  little  effect  of  the  sliding  rate  on  the 
amount  of  deposited  PTFE,  within  the  range  of  1  mm/ s  to  10  mm/ s  [7]. 

Previous  atomic  force  microscopy  measurements  indicated  that  the 
average  thickness  of  films  produced  at  a  temperature  of  300  °C,  a  pressure  of  0.3 
MPa,  and  a  sliding  rate  of  1  mm/s  was  -  15  to  40  nm  [19].  The  imcertainty  in 
this  measurement  was  due  to  fluctuations  in  the  thickness  across  the  film  and 


to  the  fact  that  AFM  measurements  were  confined  to  small  areas.  Large-scale 
fluctuations  in  the  thickness  were  often  visible  to  the  naked  eye,  some  portions 
of  a  film  being  more  prominent  than  others.  This  most  likely  resxdted  from 
variations  in  the  local  contact  presstires  at  the  PTFE/ glass  interface. 

Interestingly  and  importantly,  similar  overall  film  volume  and 
continuity  were  obtained  when  the  films  were  produced  consecutively  while 
maintaining  the  same  polymer  rod  orientation,  in  addition  to  keeping  other 
parameters  the  same.  Differences  in  the  volume  and  continuity,  on  the  other 
hand,  were  observed  when  the  rod  orientation  was  not  maintained  in 
consecutive  runs.  This  implies  that  variations  in  the  topography  of  the  rod 
surface  relative  to  the  sliding  direction  directly  affect  the  quality  of  the 
deposited  films. 

The  above  experimental  resxilts  of  the  formation  of  PTFE  transfer  films 
onto  glass  surfaces  are  readily  understood  and  explained  in  terms  of  its 
initiation  at  only  the  area  of  the  polymer  rod  surface  that  is  first  to  contact  the 
glass  substrate  during  sliding,  the  remainder  of  the  rod  surface  being  elevated 
above  the  glass.  The  continuity  and  thickness  of  a  film  would  then  be 
dependent  upon  the  surface  roughness  of  the  rod  tip  and  the  substrate,  and  the 
local  contact  presstire  at  this  area.  The  interfadal  contact  area,  of  course, 
increases  with  increasing  temperature  and  applied  pressure  due  to  thermo- 
mechanically  activated  plastic  flow  of  the  polymer  at  the  interface,  resulting  in 
a  greater  film  continuity  and  thickness.  Thus,  the  formation  of  optimum  PTFE 
transfer  layers  for  use  as  orientation-indudng  substrates  eventually  will  be 
dictated  by  the  "smoothness"  of  the  PTFE-substrate  interface;  and,  naturally,  on 
the  absence  of  imptirities  and  foreign  matter  both  in  the  PTFE  and  on  the 
substrate  surface. 
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Fig:i2Z«  Captions 


Figure  1.  Schematic  diagram  of  the  friction  deposition  equipment 

Figure  2.  Eectron  diffracdon  pattern  of  a  friction-deposited  FIFE  transfer  layer. 
The  friction  direction  is  parallel  to  the  meridional  in  the  pattern. 

Figure  3.  (a)  Schematic  arrangement  of  PTFE  molecules  onto  the  glass  surface. 

Molecular  axes  are  normal  to  the  figure,  (b)  Distribution  of  structure 
factors  in  the  arrangement  of  the  PTFE  molecules  in  (a).  The  figime 
illustrates  that  the  100  and  110  structure  factors  exist  at  ±  30°  from  the 
horizontal. 

Figure  4.  Ewald  construction  of  tihe  X-ray  diffractometer  in  the  reflection  mode. 

The  intensity  profile  of  the  reflections  normal  to  the  sample  surfece  is 
detected. 

Figure  5.  Intensity  profile  of  the  010  reflection  of  a  deposited  PTFE  layer.  The 
sample  was  prepared  at  a  temperature  of  300°C,  a  pressure  of  0.8  MPa, 
and  a  sliding  rate  of  1  mm/ s. 

Figure  6.  Relative  volume  and  continuity  of  PTFE  films  deposited  at  a  pressure 
of  0.8  MPa,  a  sliding  rate  of  1  mm/s,  and  various  temperatures.  The 
relative  volume  was  deduced  from  X-ray  diffraction  measurements, 
and  the  continuity  from  TEM  observations. 
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Figure  7.  Relative  volume  and  continuity  of  FIFE  films  deposited  at  a 
temperature  of  300  a  sliding  rate  of  1  mm/s,  and  various 


pressures. 

Figure  8.  TEM  images  of  discontinuous  regions  of  a  PTFE  transfer  film. 

Polyethylene  lamellae  formed  by  vapor  deposition  are  aligned  on  the 
PTFE  layers  and  randomly  oriented  on  the  non-coated  glass  surface 
between  these  layers.  The  long  axes  of  the  polyethylene  lamellar 
crystals  on  the  PTFE  layers  are  oriented  perpendicular  to  the  sliding 
direction.  Note  that  the  degree  PTFE  coverage  is  greater  in  (a)  than  in 
(b).  Bar  =  500  nm. 
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Figure  1.  Fenwick  et  cd. 
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Figure  3.  Fenwick  et  cd. 
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Abstract 

A  variety  of  polymers  were  investigated  as  candidates  for  the  formation  of 
oriented  layers  by  friction  transfer.  Only  polyethylene,  the  Iiquid-<Tystailine  Vectra® 
and  fluorinated  ethylene-propylene  copolymer  were  found  to  yield  orimted  transfer 
layers.  These  layers,  in  turn,  were  foimd  to  induce  the  oriented  growtii  a  variety  of 
species  deposited  onto  them  from  the  melt,  solution  or  vapor  phase.  The  present 
orientation-indudng  friction-transfer  layers,  however,  were  fbxind  to  be  inferior  to 
those  of  poly(tetra£luoroethyiene)  [PTFEl,  desoibed  previously. 
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Introduction 

Recently,  we  reported  (1)  that  oriented,  thin  layers  of  poiy(tetrafluoro- 
ethylene)  [PTFE],  formed  onto  various  supports  by  friction  transfer  (2-7),  have  the 
remarkable  capacity  of  inducing  oriented  growth  of  a  wide  variety  of  materials.  It 
was  found  that  many  species,  including  both  flexible  and  rigid  polymers,  small 
molecules,  liquid  crystals,  monomers,  as  well  as  some  metals  and  inorganics,  form 
highly  ordered  structures  when  grown  onto  these  PTFE  layers  from  the  melt, 
solution  or  vapor  phase  (1).  This  imexpected  finding  has  prompted  us  to 
reinvestigate  the  potential  of  polymers  other  than  PTFE  to  form  oriented  transfer 
layers,  and  to  examine  their  orientation-inducing  faculty. 

The  important  observation  that  rubbing  solid  PTFE  against  various  surfaces, 
such  as  glass  or  steel,  under  certain  experimental  conditions,  may  yield  a  thin  and 
oriented  layer  of  the  polymer  onto  the  support  was  first  made  by  researchers  in  the 
field  of  polymer  tribology  in  their  studies  of  the  friction  and  wear  properties  of 
various  polymers  [2-5].  These  authors  also  reported  that  linear  polyethylene  [PE] 
may  form  similar  thin  oriented  films,  often  referred  to  as  transfer  layers.  The 
friction  behavior  of  selected  other  polymers,  such  as  polyamides,  polypropylene, 
poly(oxymethylene)  and  poly(ethyleneterephthaiate)  were  also  studied  [6,7],  but  was 
not  seen  to  resemble  that  of  PTFE  or  PE;  both  in  terms  of  tribological  characteristics 
and  the  formation  of  transfer  lavers.  Accordingly,  because  of  the  distinctive  low 
frictional  properties  of  the  latter  two  polymers,  these  materials  were  categorized  in 
the  tribology  literature  as  a  special  class  of  polymers. 

As  was  stated  above,  the  purpose  of  this  study  was  to  reexamine  the 
formation  of  friction-transfer  layers  of  polymers  other  tiian  PTFE,  and  to  study  their 
orientation-inducing  faculty.  In  that  sense,  this  work  is  a  supplement  to  the  earlier 
study  [1]. 
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Experimental  details 
Materials 

The  polymers  examined  in  this  work  for  the  formation  of  friction- transfer 
layers  were  high  density  polyethylene  (PE;  Alathon  7050,  Mw  =  6x10^],  ultra-high 
molecular  weight  polyethylene  [UHMW  PE;  Hostalen  GUR  415,  Mw  *  2x10^],  the 
aromatic  liquid-crystalline  polyester  copoiyfp-hydroxybeiuoic  add-l-hydroxy-o- 
naphthoic  add)  [Vectra®,  Hoechst-Celanese],  a  perfluorinated  copolymer  of  ethylene 
and  propylene  [FEP  TlOO,  Du  Pont],  polyfbutylene  terephthalate)  [PBT,  Aldrich 
Chemical  Co.],  nylon  12  [Polysdences  Inc.],  isotactic  polypropylene  [Polysdences  Inc.] 
and  poly(oxymethylene)  [polyacetal,  Aldrich  Chemical  Co.]. 

Rods  of  all  of  the  above  materials  were  made  by  heating  the  polymers  under 
moderate  pressure  to  temperatures  of  about  20  ®C  above  their  respective  melting  or 
softening  temperatures,  and  subsequent  cooling  to  ambient.  In  addition,  rods  of 
UHMW  PE  were  made  both  by  crystallizing  the  polymer  from  the  melt  and  by 
gelation-crystallization  from  a  1%  w/w  solution  in  xylene  [details  in  ref.  8]. 

Equipment 

Figure  1  is  a  photograph  of  the  equipment  that  was  built  for  the  accurate  and 
consistent  deposition  of  oriented  thin  films  through  friction  transfer.  It  is  comprised 
of  two  components;  the  lower  part  consists  of  a  movable  stage  the  speed  and 
direction  of  which  is  controlled  by  a  stepper  motor  (Daedal  Inc.),  and  a  temperature 
controlled  block  which  houses  the  support  (usually  a  glass  microscope  slide)  onto 
which  the  layer  is  deposited.  The  upper  part  is  a  temperature  controlled  chamber 
which  vertically  holds  a  cylindrical  polymer  rod  (10  mm  diameter,  15  mm  length). 
The  upper  part  is  vertically  adjustable  allowing  for  accurate  controlling  of  the 
separation  between  the  upper  and  lower  parts.  Interfadal  pressure  between  polymer 
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and  support  is  controlled  by  applying  loxown  weights  to  the  polymer  rod  while  in 
contact  with  the  support 

Microscope  glass  slides  were  used  as  supports,  which  were  washed  with  an 
ethanolic  KOH  solution  prior  to  use. 

Methods 

The  transfer  films  were  prepared  by  first  heating  the  support  and  the  polymer 
rod  to  the  desired  deposition  temperature  and  bringing  to  contact.  An  appropriate 
contact  presstrre  was  applied  and  the  lower  part  carrying  the  support  traversed-  The 
latter  was  subsequently  removed  and  cooled  in  air. 

Typically,  the  contact  pressture  applied  was  5  kg/cm^;  and  the  traverse  rate  was 
1  mm/s.  The  deposition  temperatures  were  varied  over  a  wide  range  and  optimized 
for  each  polymer  material  to  yield  the  best  possible  transfer  films.  Most  often, 
optimum  temperatures  were  foimd  to  be  about  0.90  -  0.95  times  the  respective 
melting  points  (in  centigrades)  of  each  of  the  polymer  species. 

Characterization 

The  results  of  the  friction-transfer  experiments  were  examined  for  each 
polymer  both  by  polarizing  optical  and  transmission  electron  microscopy,  with 
Nikon  Microphot  FX  and  Jeoi  lOOCX  instruments,  respectively. 

In  selected  cases,  the  orientation-inducing  faculty  of  polymer  coated  glass 
slides  were  studied  by  crystallizing  various  materials  onto  the  polymer  transfer 
layers.  For  this  ptirpose,  poly(e-caprolactone)  [PCL]  was  grown  onto  the  layers  from 
the  melt  at  100  ®C;  poly(p-xylylene)  [PPX]  was  polymerized  directly  from  the 
pyrolized  monomer  [111;  liquid  crystalline  mixtures  of  4-cyano-4'-n-aIkylbiphenyIs 
were  contacted  with  the  layers  at  room  temperature;  polyanilme  [PANT,  Mw  “  2x10^, 
UNIAX  Corporation]  and  poly-p-<phenylene  terephthalamide)  [PPTA,  Mw  “  4x10^ 
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Du  Pont]  were  precipitated  from  2  wt  %  solutions  in  H2SO4  at  25  “C  by  exposvtre  to 
moist  air;  and  the  paraffin  tricosane  (C23H48J  was  crystallized  from  the  melt  at  50  "C. 

Results  and  Discussion 

Of  the  polymers  examined  in  this  work,  only  polyethylene,  Vectra®  and  the 
fluorinated  polymer  FEP  were  found  to  produce  adequate  transfer  layers.  The  other 
macromolecular  materials  used,  when  slid  against  the  heated  support,  either 
formed  highly  irregtilar,  discontinuous  deposits  onto  the  glass  surface  without 
appreciable  molecular  orientation;  or  did  not  interact  with  the  glass  support  at  all,  as 
in  the  case  of  poly(oxymethylene).  Amongst  the  various  polyethylene  samples  of 
different  molecular  weight  and  different  methods  of  crystallization  [i.e.  from 
solution  or  melt],  the  melt-crystallized  linear  polyethylene  of  relatively  low  Mw  = 
60,000  yielded  superior  transfer  layers  with  respect  to  their  continuity  and  degree  of 
orientation.  Remarkably,  no  clear  distinction  could  be  made  between  the  layers 
produced  using  UHMW  PE  rods  prepared  from  melt-  or  solution  crystallized 
polymer.  Previously,  it  was  established  that  solution-crystallized  UHMW  PE  is 
characterized  by  a  drastically  reduced  number  of  entanglements  per  chain  molecule 
in  comparison  with  melt-crystallized  material,  which  accounts  for  the  remarkable 
solid-state  flow  and  tensile  deformation  behavior  of  the  former,  solution- 
precipitated  samples  [8],  The  lack  of  a  difference  in  the  friction  transfer  behavior 
between  these  two  UHMW  PE  specimens  of  different  solidification  history  seems  to 
indicate  that  the  molecular  phenomena  that  control  this  process  do  not  include 
molecular  entanglements;  and  that  the  friction  transfer  mechanism  indeed  is  to  be 
distinguished  from  simple  tensile  deformation  at  the  glass-polymer  interfru». 

Figures  2a-c  show  electron  diffraction  patterns  of  transfer  layers  of  HDPE, 
Vectra®  and  FEP,  respectively.  As  inferred  from  these  diffraction  patterns,  the  layers 
were  oriented  in  the  direction  of  sliding;  however,  especially  for  the  latter  two 
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materials  only  moderate  orientation  was  achieved  in  comparison  with  the  previous 
layers  of  PTFE  [1].  Typically,  the  layer  thicknesses  were  2-10  nm  for  HDPE  (hence  the 
very  weak  diffraction  pattern  in  2a),  50-200  nm  for  Vectra®  and  10-50  nm  for  FEP;  as 
opposed  to  15-40  nm  for  PTFE  [9].  It  is  interesting  to  note  that  the  electron  di^action 
pattern  of  the  HDPE  is  indicative  of  a  double  orientation  of  the  unit  cell  in  the 
transfer  layers,  much  like  that  found  for  ultra-drawn  films  of  gel-crystallized 
UHMW  PE  [121.  Also  here,  the  a-axis  was  oriented  perpendicular  to  the  film  surface. 

The  results  presented  above  are  in  general  accord  with  earlier  findings  by 
Tabor,  Briscoe  and  coworkers  [3-5],  and  reconfirm  the  notion  that  the  formation  of 
oriented  layers  of  polymers  by  friction  transfer  requires  relatively  weak  interchain 
interactions  and  "smooth"  molecular  profiles.  As  a  matter  of  fact,  there  appears  to  be 
a  simple,  inverse  correlation  between  the  strength  of  secondary  bonds  and  the 
degree  of  order  and  orientation  of  the  macromolecules  in  the  transfer  layers. 

Figure  3  shows  a  transmission  electron  micrograph  (TEM)  of  the  polyethylene 
transfer  layer  that,  for  the  purpose  of  contrast  enhancement,  was  decorated  with  low 
molecular  weight  polyethylene  by  the  vapor  deposition  technique,  commonly 
referred  to  as  polymer  decoration  [13].  The  latter  is  a  relatively  simple  technique 
which  was  foimd  to  be  useful,  among  others,  for  the  analysis  of  orientation  layers. 
Vapor-deposited  (low  molecular  weight)  polyethylene  molecules  tend  to  align  onto 
the  orientation  layers,  forming  lamellae  that  run  perpendicular  to  the  molecular 
axis  of  this  layer.  By  contrast,  randomly  oriented  lamellar  crystals  are  formed  on  the 
bare  glass  support  surface.  Both  oriented  as  well  as  randomly  oriented  lamellae  are 
visible  in  Figure  3,  which  is  indicative  of  the  fact  that  the  average  coverage  of  the 
glass  support  with  PE  transfer  layers  was  poor  (typically  less  than  50%)  compared  to 
that  observed  for  PTFE.  FEP  and  Vectra*  showed  similar  coverage  to  PE.  [More 
quantitative  observations  of  the  coverage  as  a  function  of  deposition  parameters  for 
PTFE  transfer  layers  are  presented  in  a  sepcate  publication]. 
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Following  essentially  the  same  procedures  as  those  described  in  earlier  work 
on  FIFE  orientation  layers  [1],  the  present  friction-transfer  layers  were  examined  for 
their  ability  to  induce  oriented  growth  of  various  materials.  For  this  purpose,  a 
limited  selection  of  species  of  significandy  different  physico-chemical  characteristics 
were  employed. 

Despite  the  relatively  low  level  of  surface  coverage  (approximately  50%),  the 
above  three  polymer  friction-transfer  layers  were  found  to  orient  small  molecular 
liquid  crystals  surprisingly  well.  Figure  4  displays  an  optical  micrograph,  taken  with 
crossed  polarizers,  of  a  liquid  crystal  mixture  of  4-cyano-4'-n-alkylbiphenyls  that  was 
deposited  onto  a  glass  support  partially  covered  with  the  PE  transfer  layer.  The  left- 
hand  side  of  this  micrograph  shows  the  typical  nematic  texture  of  the  liquid 
crystalline  material,  while  the  right-hand  side  reveals  a  highly  birefringent,  oriented 
phase  which  resulted  from  alignment  on  the  PE  orientation  layer. 

Figure  5  is  a  electron  diffraction  pattern  of  oriented  poly(p-xylylene)  (PPX) 
film,  in  its  P  crystal  form,  vapor  deposited-polymerized  directly  onto  the  PE  layer.  In 
this  process  [10,11],  the  dimer  was  pyroiized  at  650  "C,  and,  under  vacuum  contacted 
with  the  orientation  layer,  which  was  kept  at  ambient  temperature,  to  yield  as- 
polymerized  PPX  in  the  a-form.  Subsequently,  the  as-formed  PPX  layer  was 
annealed  at  300  ®C,  (which  was  approximately  170  "C  above  the  melting  temperature 
of  the  PE  orientation  layer!)  for  conversion  to  the  p-crystal  modification  and  to 
enhance  molecular  order.  The  observed  high  degree  of  orientation  in  the  annealed 
specimen  clearly  indicates  that  orientadon  of  the  PPX  was  induced  during  the 
polymerization  process,  into  the  a  form,  and  is  maintained,  or  even  enhanced, 
during  the  solid-solid  transition  to  the  P  form. 

Table  1  briefly  stimmarizes  the  results  obtained  with  some  of  the  polymer 
materials  used  as  orientation  layers  and  of  experiments  of  other  materials  deposited 
onto  these  layers.  The  degree  of  homogeneity,  perfection  and  orientation  is 
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qualitatively  ranked  based  on  polarized  optical  microscopic  observations, 
complemented,  where  necessary,  with  TEM  studies.  In  the  case  of  the  growth  of 
poiyaniline  and  poiy<-p-phenylene  terephthalamide)  [Kevlar®]  by  precipitation  from 
concentrated  sulfuric  acid  onto  Vectra®,  the  solvent  partially  dissolved  the 
orientation  layer;  and,  thus,  a  meaningful  observation  could  not  be  made.  For 
reference  purposes,  earlier  results  obtained  with  PTFE  friction-transfer  layers  [1]  are 
included  in  this  table,  also.  In  all  cases,  the  PTFE  orientation  layers  invariably  were 
superior  to  the  friction- transfer  layers  of  the  other  materials  studie  j;  with  PE  next  as 
being  moderately  satisfactory  and  efficient.  Clearly,  this  was  due  wholly  or  at  least  in 
a  significant  part  to  the  relatively  modest  orientation  of  the  present  friction-trartsfer 
layers,  and  their  inhomogeneity  and  discontinuity. 

The  origin  of  the  observed  orienting  faculty  of  the  layers  of  the  present 
polymers  is  expected  to  be  similar  to  that  of  the  PTFE  layers,  which  is  tentatively 
attributed  to  the  specific  ("fractal")  nanoscale  surface  topography  of  these  layers  [9], 
often  in  combination  with  the  more  classical  epitaxial  phenomena  that  are  assisted 
by  matching  of  specific  crystal  lattice  features  of  the  orientation  layers  and  the 
material  deposited  onto  them.  A  detailed  discussion  regarding  this  important 
mechanistic  issue  will  be  presented  in  a  separate  publication. 

Conclusions 

Several  polymers  were  investigated  with  respect  to  their  ability  to  yield 
oriented  layers  by  friction  transfer  [4].  Among  the  different  materials  studied,  only 
polyethylene,  the  thermotropic  liquid-crystalline  Vectra®  and  the  fluorinated  FE? 
were  found  to  yield  oriented  transfer  layers.  These  layers  were  examined  with 
respect  to  their  orienting  capacity,  and  were  found  to  orient  a  significant  variety  of 
species  deposited  onto  them  from  the  melt,  solution  or  vapor  phase.  In  many 
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respects,  however,  the  present  friction*transfer  layers  and  their  orientation-indudng 
faculty  were  found  to  be  inferior  to  previously  described  FIFE  layers. 
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Table  1 


Qualitative  Ranking  of  Efficiency  of  Friction-Transfer  Layers  of  Different  Polymers 

for  Inducing  Oriented  Growth 


Friction-Transfer  Polymer 

PTFE 

PE* 

Vectra* 

! 

FEP 

Material  Deposited 

PCL 

+++ 

+  -r 

+ 

PPX 

+++ 

+  -r 

- 

- 

DC 

+++ 

+  -r 

+ 

PANI 

- 

PPTA 

- 

- 

C23H48 

+  -r-r 

_ 1 

■f 

• 

(+)  signs  indicate  increasing  quality  of  orientation  of  the  crystallizing  material  onto 
the  friction-transfer  layers.  (-)  refers  to  no  significant  orientation  observed.  Materials  - 
PCL;  poiy-e(caprolactone)  grown  from  the  melt,  100  ’C;  PFX;  poly(p-xyiylene)  by 

direct  polymerization  from  the  monomer  [11];  LC  liquid  crystalline  mixture  of  4- 
cyano-4'-n-alkyibiphenyls;  PANL  polyaniiine  from  a  2  wt  %  solution  in  H2SO4,  at 
25  "C;  PPTA;  poly-p-(phenylene  terephthalamide) ,  from  a  2  wt%  solution  in  H2SO4, 
at  25  ’C;  Tricosane  (C23H43)  from  die  melt  at  50  ’C. 

*The  polyethylene  layer  was  produced  using  HDPE,  Mw  =  60,000. 
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Figure  Captions 


1.  Photograph  of  the  equipment  used  for  the  preparation  of  friction-transfer 
layers  showings  from  left  to  right  the  computer  control,  the  deposition  device  and 
the  temperature  and  rate  controls,  resp. 

2.  Electron  diffraction  patterns  of  friction-transfer  layers  of;  a)  polyethylene 
[HOPE,  Mw=  6x10“*],  b)  Vectra®  and  c)  fluorinated  ethylene-propylene  copolymer 
[FEP].  Deposition  direction  and  chain  axes  are  vertical. 

3.  Transmission  electron  micrograph  of  oriented  polyethylene  friction-transfer 
layer  decorated  with  vaporized,  low  molecular  weight  polyethylene. 

4.  Optical  micrograph,  taken  with  crossed  polarizers,  of  a  mixture  of  small 
molecular  liqmd  crystals  [4-cyano-4'-n-alkylbiphenyls]  deposited  onto  a  glass  support 
that  was  partially  covered  with  a  polyethylene  friction-transfer  orientation  layer. 

5.  Electron  diffraction  pattern  of  an  oriented  polyfp-xylylene)  [PPX]  film, 
polymerized  from  the  monomer  onto  a  polyethylene  friction-transfer  orientation 
layer.  PPX  chain  axis  is  verticaL 
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Molecular  structure  and  thickness  of  highly 
oriented  polyttetrafluoroethylene)  films 
measured  by  atomic  force  microscopy 

P  OIETZ.  P  K.  HANSMA.  K.  J.  IHN*.  f  MQTAMEOlV  P  SMITH* 

Oepirtrnent  of  Physics  snd  •  Materials  Department.  University  of  California.  Santa  Saroara. 
CA  93106.  USA 


Atomic  force  microscoov  lAFM>  was  used  to  image  thm  single-crysial-iike  layers  of 
polvftBtrafluoroethylenel  ( PTFE)  deoosited  mechanically  on  glass.  Not  only  can  aFM  reveai 
details  of  me  molecular  structure,  but  it  can  also  orovide  direct  measurement  of  me  aosoiute 
thickness  and  continuity  of  these  films.  High-magnification  images  show  individual  roc- xe 
molecules  with  an  intermolecuiar  soacmg  of  0.53  nm  The  neiix  of  moiviouai  molecules  s 
clearly  resolved  ano  fine  structures  along  the  ooiymer  chains  may  indicate  individual  fiucn-e 
atoms.  The  thickness  of  the  films  vanes  from  7-32  nm  deoendmg  on  deocsition  temos'atu-a 
and  mechanical  pressure.  The  continuity  of  the  films  strongly  decreases  at  lower  temcerat-res 
The  remaining  single  fibres  are  not  stable  and  can  be  modified  by  the  imaging  tip 


1.  Introduction 

RtfCfinily.  j  new  method  for  producing  highly  oriented 
iingle-crystal-likc  films  of  poly(teinifluofoethylene) 
(PTFEi  was  introduced  [I],  The  simple  technique 
consists  of  dragging  a  bar  of  the  polymer  at  controlled 
temperature,  pressure  and  speed  against  a  smooth 
glass  substrate.  Electron  diffraction  studies  of  the 
PTFE  films  .-eveal  that  the  chains  of  the  PTF£  ma¬ 
cromolecules  are  oriented  parallel  to  the  glass  and 
along  the  sliding  direction  [1].  The  significance  of 
these  PTFE  films  derives  from  the  fact  that  other 
materials  g.'own  on  their  surface  from  solution,  melt 
or  vapour  also  show  a  remarkable  degree  of  ali¬ 
gnment.  Adv.intages  of  highly  oriented  polymers 
compared  with  unonented  materials  can  include  signi¬ 
ficant  increases  of  stiffness,  strength  or  electrical  con¬ 
ductivity  possible  applications  are  matenais  reinfor¬ 
cement  or  molecular  electronics. 

Atomic  force  microscopy  (AFM)  was  invented  in 
1986  by  Binnig  et  a!.  [2].  A  sharp  stylus  is  mounted  on 
a  cantilever  with  a  low  spring  constant  The  sample  is 
raster-scanned  beneath  the  stylus.  Forces  acting  be¬ 
tween  the  sample  surface  and  the  stylus  will  deflect  the 
weak  cantilever.  Measuring  the  displacement  of  the  tip 
gives  a  real  three-dimensional  topographic  representa¬ 
tion  of  the  sample  surface.  AFM  can  image  the  origin¬ 
al  surface  of  non-conducting  materials  with  nano¬ 
metre  scale  resolution  in  air  and  even  under  liquids 
[3].  Consequently,  the  sample  need  not  be  exposed  to 
high  vacuum,  high  energy  beams  or  special  prepar¬ 
ation  techniques.  In  the  field  of  thtn  polymeric  films 
such  as  PTFE,  AFM  has  the  advantage  that  it  can 
reveal  two  different  kinds  of  important  information. 
At  high  resolution  it  can  image  the  molecular  arrange¬ 
ment  with  single  molecule  and  even  submolecular 
resolution.  Simultaneously,  a  low-resolution  measure¬ 


ment  can  give  the  absolute  height  and  homogeneity  of 
the  films. 

AFM  investigations  of  films  and  crystals  of  poly¬ 
mers  and  polymer-related  compounds  .nave  seen 
recently  reported,  including  molecular  .'esoiunon  n- 
ages  of  polyethylene  dendrites  [a],  cold-e.tt.'udes 
polyethylene  [51-  polypropylene  [6].  cyclic  aikancs 
[7].  PTFE  and  polycarbonate  [8].  A  previous  atM 
study  of  the  structure  of  highly  oriented  PTFE  films 
[9]  showed  that  the  resolution  is  surfictent  ;o  dis¬ 
tinguish  individual  macromolccules.  In  this  paper  ve 
present  the  first  direct  observation  of  the  helical  struc¬ 
ture  of  individual  PTFE  molecules  and  report  a 
method  to  measure  the  absolute  thickness  oi  higniy 
oriented  PTFE  films  which  allows  study  of  t.ne  :n.fiu- 
ence  of  the  preparation  parameters  on  the  thickness 
and  continuity  of  the  films. 


2.  Exparimantal  procadure 
The  PTFE  layers  were  imaged  with  a  Nanoscooe  " 
FM  from  Digital  Instruments  f^O].  A  schematic  c.-u-- 
ing  of  the  imaging  prinaple  is  given  in  Fig.  l.  a 
pyramid  silicon  nitride  microtip  is  mounted  on  a  v. 
shaped  cantilever  with  low  spring  constant.  The 
sample,  which  is  attached  to  a  piezoelectric  .xy:-trans- 
lator.  is  raster-scanned  beneath  the  tip.  The  displace¬ 
ment  of  the  tip  is  measured  by  sensing  the  deflection  of 
a  laser  beam  reflected  off  the  back  of  the  cantilever 
with  a  two-segment  photodiode.  A  feedback  loop 
keeps  the  vertical  position  of  the  tip  constant  bv 
moving  the  surface  up  and  down  with  the  piezoelectric 

translator  (constant  force  model. 

Low  contact  forces  are  neccsitary  to  prevent  dcior- 
mations  of  the  sample  surfaces.  We  achieve  forces 

0022-2<6l  '*  /W  Chap">u"  Jt 
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beiwtfcn  10  .ind  10  ’  N  by  using  microfubricateU 
cantilevers  w  nh  a  iinall  spring  constant  i0.027  Nm  ‘ '  I 
[10]  and  by  mmttnizing  the  contact  force  in  the 
force  distance  mode  of  our  AFM.  as  described  in 
detail  by  Wei>enhorn  rt  al.  [11],  The  silicon  nitride 
cantilevers  vvuh  integrated  tips  are  200  pm  long  and 
0  6  pm  thick  The  high-resolution  image  in  Fig.  2  was 
taken  wuh  an  F"  scanner,  which  has  a  ma.ximum 
scan  ranee  of  ^  s  .s  the  thickness  measurements 
(Figs  and  -ti  a  ere  performed  with  a  120  pm  "J" 
scanner 

Glass  micro'cope  slides  cleaned  in  KOH  vsere  used 
as  substrates  for  the  PTFE  rtlms.  A  solid  PTFE  bar 
was  moved  along  iheir  surface  at  a  rate  of  I  mm  s*' 
In  order  to  study  the  iniluence  of  preparation. para* 
meters  on  thickness  and  continuity  of  the  films,  we 
varied  mech.inical  pressure  and  deposition  temper¬ 
ature.  Films  vvere  prepared  with  pressure  between  20 
and  -iO  N  cm  *  and  temperature  between  100  and 
230  C;  the  details  are  given  in  Table  I.  The  quality, 
orientation  and  coniinuity  of  the  films  were  checked  in 
advance  by  v.ross-polarued  light  microscopy.  .All 
AFM  images  were  taken  in  air. 

Height  measurements  of  PTFE  films  could  be  ear¬ 
ned  out  easily  because  films  prepared  at  temperatures 
up  to  230  C  Jo  not  completely  cover  the  glass  sub¬ 
strate.  Within  scan  ranges  of  10  x  10  pm*,  or  even 
smaller,  we  .ilways  found  areas  where  the  glass  was 
visible  .ind  tilt,  height  ditfcrcnce  between  substrate  and 
him  could  Of  directly  determined  from  the  AFV1 
image.  For  ’:;ms  with  complete  coverage,  thickness 
measurements  with  AFM  can  still  be  carried  out.  e.g. 
by  touching  .i  small  soft  tool,  like  a  micropipette,  to 
the  surface  m  order  to  uncover  parts  of  the  glass 
substrate  [*?]  However,  in  this  case  artefacts  caused 
by  the  damage  of  the  film  cannot  be  ruled  out  and  the 
height  values  may  be  less  reliable. 

3.  Results  and  discussion 
3.1.  Molecular  structure 
A  high-resoiution  AFM  picture  taken  on  a  highly 
oriented  PTFE-film  is  shown  in  Fig.  2.  Individual 
PTFE  macromolecules  can  be  readily  distinguished, 
with  intermoiccuiar  spacings  of  0.58  ±  0.06  nm.  The 
AFM  was  calibrated  in  .r-  and  y-direction$  by  imaging 
the  well-known  hexagonal  structure  of  mica,  which 
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has  a  lattice  spacing  of  0.52  nm.  Bunn  .ind  Howeii, 
[1 2]  found  from  electron  diifraction  studies  that  inc 
chain  stems  of  crystalline  PTFE  molecules  are  packcj 
on  a  nearly  he.vagonal  array  wiih  distances  bctw.;..:', 
vingle  chains  of  0.55d  nm.  which  is  m  good  aereemcn; 
with  our  result. 

In  addition,  iwists  in  individual  molecuics 
dearly  visible  m  these  AFM  irr.iges.  The  helical 
■urc  cun  be  emphasized  by  oienne  ihe  irr,.:-,-  • 

Fourier  space,  a  procedure  ihat  smoothes  the  :::-.e 
structure  along  the  single  twists,  and  by  u.s.na  _ 
perspective  representation  with  a  view  angle  of  60 
iFig.  2bi  The  distance  between  single  twists  n  ths 
image  is  about  0.57  ±  0.06  nm  What  we  imaged  here 
IS  most  likely  the  top  layer  of  the  iluonne  helix  of 
individual  PTFE  molecules.  The  fine  structure  alotg 
the  twists  which  can  be  seen  m  the  unfiliered  image 
I  Fig.  2ai  IS  presumably  produced  by  individual  fiuo- 
rine  chain  atoms.  Molecule  cross-scctions  indicate 
that  in  some  areas  three  or  four  individual  fiuonre 
atoms  within  one  elevation  v'f  the  molecule  can  re 
counted.  Earlier  AFM  observations  on  SrF.  smgte- 
crystal  surfaces  confirm  that  the  AFM  is  able 
resolve  individual  fiuorine  atoms  [13]. 

Comparison  of  our  image  with  a  model  of  the 
PTFE  molecule  that  was  derived  for  electron  diifrac- 
iion  Observations  [12]  iFig.  2cl  shows  quaiiiaiiveiy 
good  agreement.  In  this  model,  which  was  based  on  a 
PTFE  layer  prepared  below  2i)  C.  a  full  .>60  twisi  of 
the  c.hain  occurs  in  3.36  nm.  1 3  zigzags  or  26  chain 
.iioms.  bui  Ihe  actual  period  i>  half  this,  bvcuu.se  a  zig¬ 
zag  consists  of  two  lines  of  atoms,  and  a  half  twist 
brings  Ihe  fourteenth  atom  on  ihe  second  line  direcuy 
above  ihe  first  atom  on  the  first  line.  Taking  mto 
account  that  the  elevations  of  the  fiuorine  helix  are 
observed  in  our  AFM  imago,  we  would  find  four  oi 
these  elevations  within  3.36  nm  (see  model  m  Fig.  2.-; 
resulting  m  a  periodicity  of  O.sa  nm  along  the  cnair.s 
The  period  measured  from  F.g.  2  is  0.57  ^  0.06  mi. 
w  hich  IS  about  30%  below  the  expected  value.  Because 
the  accuracy  of  the  .t-  and  y<alibration  of  the  micro¬ 
scope.  derived  from  mica  observations,  is  generally 
better  than  ±  10%.  we  conclude  that  the  special  film 
processing  technique  which  is  used  here  may  have 
produced  a  different  PTFE  configuration  with  an 
increase  of  the  chain  period.  Changes  in  the  structure 
of  PTFE  at  certain  transition  temperatures,  including 
increase  of  chain  period,  have  been  reponed  by  others 
[II  14], 
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3.2.  Thickness  and  cominuitv 

v1icrometn;-.v.aie  AFM  imago  were  used  to  measure 
jmoothness  and  thicknea  of  eight  PTFE  films 
under  different  deposition  conditions  (Table  ik  we 
found  that  me  most  influencial  parameter  is  the  tenu 
peraiure.  Films  deposited  between  230  and  280  C 
show  typical  row-(ike  structures  which  cover  the  glass 
,unace  almost  completely  However.  j%-20y»  of  the 
glass  IS  still  wsible  between  these  PTFE  rows,  a  fact 
ihui  cun  be  uniized  for  the  ncight  measurenteou.  '^o 


•Wiirr  ■\FM  matfw*  oi  inUiviUujI  fnisictuio  *•'’  i  ■'"C’lvj 

."s'Un^irjilutift'V'irtvlcnci  *FTF£)  fifrn  Oef'*'***'*  '*  irjrtu.w'v 
■  S  vfTi  '  r  •  .*4«l  C  idi  Raws  ini.i'ji;  m/w 

nmv  r-ju*  “o*  Hi  S*hv*  ;rtc  iU*nc 

m.'kxutev  •hifch  i»  prt*ffciWk  ?h  iftOtvouai  ilut»finc  ai- 

,*m».  Same  aAcr  Kituf»cr  ilicfiftf.  Hic  ,xr'rx.\ti»c 

rc«;nijui>fi  iftv  .*<  inc  rti*.K;wus^>  i^' 

(.  jmeariMin  nci«cen  iKUfc  jmU  j  I»TKE"'««J>.i  Jvfi'.a  . . 

Wlv-wnin  j4iro«iu>n  >luU»»  [i:i.  Th«  ■miK.-jU-  iHc  mii'" 

'c(Kat  Ji-uaiKC  '’tie  'iw  '■'Sl’i  'n  me  •*l’  'i 

'cxmoiA  (fw 


lypicui  examples  of  lilms  Jcpi>»ncd  in  ihi>  tcmpcraiar, 
.-•jnge  are  given  in  Fig.  .v  The  cross-sections  at  .n< 
bottom  of  each  picture  which  were  taken  perpencicu- 
lar  10  the  rows,  illustrate  that  the  height  oi  the  nims  is 
not  homogeneous  bui  spreads  over  a  wide  ranee  up  lo 
tens  of  nanometres.  For  example,  the  hlm^  m  Fie.  ja. 
which  was  deposited  at  220  C  and  wuh  20  N  ..m 
has  an  average  height  of  only  d.5  nm  but  >how>  neighi 
variations  up  to  15  nm.  The  uncovered  pans  of  me 
etass  substrate  are  clearly  visible  m  the  picture  as  vei! 
as  m  ihe  cross-section. 

Height  distnbution  curves  which  can  be  calculated 
■Tom  the  AFM  images  are  e.rcellent  both  to  character¬ 
ize  the  homogeneity  of  the  hims  and  to  determine  me 
ihicknesJL  Generally,  two  peaks  are  clearly  visiote  m 
ihe  distnbution  curves  (see  Fig.  21  of  our  hlms.  onv 
corresponding  to  the  PTFE  layer,  the  other  to  the 
glass  substrate  The  difference  between  the  mean  v  atue 
of  the  film  height  distnbution  and  the  mean 
the  glass  height  distribution  ithc  glass  subsiraie  ■>  ■ 
flat  on  the  atomic  scalei  gives  the  average  thick nes>  o 
the  film.  In  addition,  the  width  and  shape  of  the  .  v.  .  . 
distribution  curve  contain  information  on  om  cv. 
eitv  -and  smoothness  of  the  litm. 
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Fiiiiirr  i  PTFE  'llm^  yroon  j(  lower  lenipcraium.  Ut  200  C.  ibl 
liXI  C  Procure  jnU  'x.-unninf  punmeun  4*  in  Fif.  it.  Noi*  the 
divvxtiun  anti  ai%pi4i.em«ni  of  onyle  ftbret  by  the  AFM  up. 


Thickn«s>  vdlues  for  ihe  films  in  Fig.  3  and  for  four 
other  films  are  given  in  Table  I  ranging  from  7-32  nm. 
As  expected,  the  thickness  increases  both  with  increas¬ 
ing  temperature  and  wuh  increasing  mechanical  pres¬ 
sure.  X-ra>  data  of  the  films  [15]  show  the  same 
tendency  as  our  results.  But  in  contrast  to  the  AFM. 
X-ray  measurements  can  only  reveal  relative  values  of 
the  film  thickness. 

At  deposiiion  temperatures  below  200  C  the  qual¬ 
ity  of  the  films  detenorates  significantly.  Less  than 
50%  of  the  glass  surface  is  covered  by  a  film  deposited 
at  200  C  I  Fig.  4ai  and  less  than  10V«  by  a  film  grown 
at  100  C  I  Fig.  4b).  The  films  disintegrate  into  single 
fibres  with  diameters  of  about  300  nm.  The  stability  of 
these  fibres  is  not  as  high  as  in  the  closer  packed  films, 
and  interactions  between  the  imaging  tip  and  these 
fibres  were  frequently  observed.  Parts  of  the  fibres 
were  dissected  and  displaced  resulting  in  zigzag  struc¬ 
tures  along  the  fibres  as  seen  in  Fig.  4b. 


4.  Conclusions 

Atomic  force  microscopy  as  a  new  high-resolution 
technique  that  provides  direct  three-dimensional  in- 


formaiion  uf  the  ongiiul  unprepanMl  umpte  surface, 
has  become  an  invaluable  companion  lo  eleciron 
microscopy  in  ihc  field  of  muicnaU  research.  Wc  have 
shiiwii  ihai  AFM  can  he  useful  fur  ilie  Ji.ir.uicr- 
laaiion  of  highly  orienicU  F  I  I-  C  films  an  a  scale  irom 
tens  of  micrometres  lo  less  than  1  nm.  The  microscope- 
IS  able  to  resolve  details  of  the  molecular  structure, 
such  as  the  lluorme  helix,  wuh  submoiccular  resolu¬ 
tion  and  a(  the  same  time,  can  provide  detailed  mlor- 
maiion  on  the  absolute  film  thickness  and  the  horn- 
ogeneiiy  of  the  films.  The  laiier  information  will  tv 
especially  imponant  in  developing  an  undersianUmg 
of  the  orienting  faculty  and  m  improving  (he  qualuv  of 
the  layers  m  dependence  upon  the  deposition  condi¬ 
tions.  Highly  oriented  PTFE  lilms  show  a  remarW.ipio 
capability  to  orient  a  wide  variety  of  other  molecules 
Promising  AFM  applicauons  for  ihe  near  future 
might  be  the  characterization  of  such  sysiems. 
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Elastic  Properties  of  Thin  Ultra-Oriented  Poly(€-caprolactone)  Films 
Grown  on  PTFE  Substrates  as  revealed  by  Brillouin  Spectroscopy. 
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•Fachbereich  Physik,  Universitat  des  Saaxiandes,  Bau  38,  W-6600  Saarbrucken, 
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■^Materials  Department  and  Department  of  Chemical  St  Nuclear  Engineering, 
University  of  Sauita  Barbara,  Santa  Barbara,  CA  93016  USA 
•*Institut  Charles  Sadron  F-67083  Strasbourg 

Recendy,  a  simple  and  unexpectedly  versatile  method  was  reported  which  can  be 
used  to  orient  a  wide  variety  of  crystalline  and  liquid  crystalline  materials  including 
polymers  and  oligomers  [I].  This  method  is  based  on  the  fact  that  a  highly  oriented 
polytetrafluoroethylene  [PTFE]  layer,  of  about  10  nm  thickness,  mechanically 
deposited  [2]  onto  a  smooch  glass  surface,  induces  an  outstanding  unidirectional 
texture  in  thin  films  grown  on  such  substrate.  Preliminary  explanations  concerning 
the  orientation  mechanism  were  given  in  reference  [1]. 

The  effect  of  surface  induced  oriented  crystallization  onto  PTFE  of  polymers  is 
illustrated  in  Fig.  1.  This  figure  shows  an  optical  photomiaograph,  taken  with 
crossed  polarizers,  of  poly(e-caprolactone)  (PCD  crystallized  from  the  melt  onto  a 
glass  slide  pardaLily  covered  with  a  thin  layer  of  oriented  PTFE.  The  left-hand  side  of 
the  photomicrograph  shows  the  usual  spherulidc  structure  resulting  from  isotropic 
crystallization.  By  contrast,  the  right  hand  side  of  the  picture  illustrates  the  strong 
orientation  inducmg  effect  of  the  PTFE  layer.  The  PCL  films  are  i)  uniformly 
birefringent  and  li)  homogeneously  oriented  with  the  PCL  chain  axis  oriented 
parailei  to  the  fiiction  direction,  i.e.  to  the  PTFE  maaomolecules  [11. 

The  aim  of  the  oresent  letter  is,  on  the  one  hand  to  examine  the  acoustic  and 
* 

opto-acousdc  prooerties  of  semi-crystalline  polymers  oriented  by  the  present 
method,  using  PCL  as  a  model  system;  and,  on  the  other  hand,  te  introduce  high- 
performance  Brillouin  spectroscopy  as  an  appropriate  and  useful  technique  to 
investigate  these  properties  on  films  of  only  a  few  miCTometers  thickness. 


Highly  oriented  PCL  films  were  prepared  by  dissolving  the  polymer 
(Ceilomer  Associates,  MwsH.OOO)  at  room  temperature  in  CHCL3,  spreading  the 
solution  onto  a  FIFE  coated  glass  slide  [see  ref.  1],  and  evaporatmg  the  solvent; 
finally,  the  PCL  film  was  molten  and  recrystallized.  The  thickness  of  the  PCL  film 
thus  produced  was  estimated  to  be  -5  um,  i.e  about  10  times  the  optical  wave  length 
and  about  sixteen  times  the  acousdcai  wave  length. 

The  acoustic  and  opto-acoustic  properties  were  measured  with  a  tandem 
multi-pass  Brillouin  spectrometer  usmg  the  90A-  and  90R-  scattering  technique  [3]. 
The  90A-  scattering  technique  allows  for  the  determination  of  the  sound  velocrv' 
polar  diagram  for  wave  propagation  within  the  film  plane.  The  90R-  scattering 
technique  permits  estimation  of  the  opdcai  birefringence  of  the  sample  within  the 
film  plane.  A  detailed  discussion  of  the  Brillouin  techniques  used  is  given  in 
references  [4-6].  Figs.  2a  and  b  give,  schematics  of  the  90A-  and  90R-  scattering 
geometries. 

rig.  3  shows  the  hypersonic  frequencies  measured  at  T»293  K  and  the  acoustic 
wave  propagation  in  different  directions  relative  to  the  orthogonal  coordinate 
system  (x=l,  y=2,  z=3)  of  the  sample.  For  convenience,  the  z-axis  has  been  chosen  to 
be  oriented  within  the  film  plane,  directed  along  the  preferential  axis  of  the 
PTFE/PCL  molecules.  The  x-axis  has  been  chosen  to  be  also  within  the  film  plane. 
■Accordingly,  the  y-axis  is  directed  orthogonal  to  the  film  (Fig.  2). 

Angle-resolving  Brillouin  measurements  in  connection  with  the  90A- 
scattenng  technique  were  made  (see  Fig.  3)  to  investigate  the  propagation  behavior 
of  quasi-longitudinal  (QL)  and  quasi-transverse  (QT)  acoustic  modes  within  the 
plane  of  the  PCL  film.  From  these  data,  the  sound  velocity  polar  diagram  (in  Fig.  4) 
could  be  derived  using  the  corresponding  relation  for  the  90A-scattering  geometry 
[3]: 


(1) 


v^f90Ai0 

v2 


=  V(Ceff 'P> 


where  f^OA  the  measured  phonon  frequency,  Ceff  is  the  effective  elastic  stiffness 
constant  related  to  v,  ^(=  514.5  nm)  is  the  vacuum  wave  length  of  the  argon  ion 


laser  used  and  p  (-1000  kg/m^)  is  the  approximate  mass  density  of  PCL.  Using  the 
Christoffel  eqxiation  (cf.  [7])  this  polar  diagram  could  be  fitted  with  the  method  of 
least  squares  to  yield  the  appropriate  elastic  stiffness  constants: 

c\i  »  (5.75  ±  .02)  GPa,  C13  =  (3.16  ±  .04)  GPa, 

C33  » (10.62  ±  .03)  GPa  and  C55  =  (0.63  ±  .01)  GPa, 

The  birefringence  of  the  sample  An  =  (n3  -  ni)  within  the  film  plane  can  be 
estimated  from  the  sound  frequency  data  measured  with  the  90R-scattering 
geometry,  directing  the  phonon  wave  vector  along  the  y-2-coordinate  axis  and  the 
electric  field  vectors  of  the  laser  light  and  the  scattered  light  either  along  the  2=3- 

axis,  yielding  f|°^  (data  point  (*]  in  Fig.  3);  or  along  the  x  =  1-axis,  yielding  fj^^  (data 
point  [•]  in  Fig.  3).  The  value  of  An  can  be  estimated  from  the  Brillouin  data  usuig 
the  relation 

(2)  An  =  ni  ((3^^  -  f?°^ )  /  f?°^ 

r\l  can  be  estimated  from  90A-  and  90R-  data,  provided  that  the  approximation  cn  • 
C22  holds,  using  the  relation  [5]: 


where  is  the  hypersonic  frequency.  The  resulting  values  for  the  present 

oriented  PCL  films  are:  ni  =  1.502,  n«=  1.554  and  An-  0.052.  The  accuracy  of  An  can 
be  further  improved  by  taking  into  account  refined  values  for  the  acoustic  wave 
vectors  involved. 

The  reported  elastic  and  optical  anisotropy  may  be  discussed  in  terms  of 
molecular  orientation  and  be  compared  with  optical  and  acoustical  properties  of 
mechanically  oriented  polymers  (cf.  [8,9].  In  this  regard,  polyethylene  (PE)  and 
polycarbonate  (PC)  probably  belong  to  the  most  investigated  materials  (see  e.g. 
references  [6,8,9].  Rather  highly  oriented  PC  with  an  orientation  parameter  P2  «  0.454 
yields  a  birefringence  of  An  =  0.049  and  an  elastic  anisotropy 


(4)  P|^»(C33-Cijo)/C33=“-33 

where  is,  according  to  Moseley  (10),  an  estimation  of  P^,  on  the  base  of  pure 

elastic  data.  The  index  "iso"  refers  to  the  isotropic  state;  the  approximation  Cjs©  -  cn 
generally  holds  true  [6].  In  case  of  the  present  oriented  PCL  films  An  is  comparable  to 
that  of  highly  oriented  PC.  However,  according  to  eq.  4,  Moseley's  orientation 
parameter  P^^*  0.46  significantly  exceeds  the  value  obtained  for  PC  indicating  on 

one  hand  the  high  degree  of  molecular  orientation  obtained  by  oriented 
crystallization  onto  the  FIFE  layers  and,  on  the  other  hand,  the  role  of  the  internal 
electric  field  for  the  orientation-induced  birefringence  [11]. 

It  is  of  interest  to  compare  the  present  data  obtained  for  oriented  PCL  with  our 
Brillouin  data  for  ultra-drawn  polyethylene  (PE)  [6].  For  the  latter  material  we 
reported  the  following  elastic  constants; 

C33  =  115  GPa,  cii  =  7.34  GPa,  C13  =  3.67  GPa,  C44  =  1.61  GPa, 

C66  =  I -83  GPa  and  cu  =  3.68  GPa. 

From  these  values  an  orientation  parameter  of  P^^  »  0.94  can  be  calculated  for  the 
ultra-drawn  PE  films,  which  is  significantly  larger  than  that  for  the  present  PCL 
samples.  This  difference  may  be  caused  partly  by  the  large  difference  between  the 
longitudinal  stiffness  (C33)  along  the  orientation  axis  z  of  PE  and  PCL.  It  should  be 
noted,  however,  that  the  present  oriented  PCL  films  have  a  distinctly  di^erent 
structure  than  the  ultra-drawn  PE  specimens.  The  former  are  composed  of  regularly 
stacked  folded  chain,  lamellar  crystals  of  finite  thickness,  oriented  edge  on.  By 
contrast,  the  PE  films  are  comprised  of  a  continuous,  crystalline  phase  in  which  the 
macromolecuies  adopt  a  highly  extended  chain  conformation.  Therefore,  it  cannot 
be  excluded  that  the  molecular  orientation  parameter  Pz  of  the  present  PCL  films  is 

much  larger  than  reflected  by  the  value  of  P^^.  This  would  be  the  case,  for  example, 
if  the  [amorphous]  lamellar  interfaces  of  the  PCL  structure  have  a  rather  low 
longitudinal  stiffness  for  wave  propagation  along  the  orientation  (z-)  axis.  A  similar 
effect  has  been  found  responsible  for  the  rather  small  elastic  anisotropies  of  highly 
oriented  polymer  side-chain  liquid  crystals  well  above  their  glass  transition  [51. 
Further  investigation  of  the  relations  between  the  molecular  structure  and  the 


acoustic  and  opto-acousdc  properties  of  PCI  films  oriented  onto  PTFE  layers 
imder  way.  ^ 


are 
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Figure  1:  Optical  photomicrograph,  taken  with  crossed  polarizers,  of  poiyU- 

caprolactone)  crystallized  from  the  melt  onto  a  glass  slide  partially  covered  with  a 
thin  laver  of  oriented  P7FE.  It  should  be  noted  that  the  latter,  very  thin  (-10  nm) 
layer  itself  is  virtually  invisibie  m  the  polarizing  optical  microscope.  Magnification 
lOOX. 

Figure  2:  Schemadcai  representauon  of  the  90A  (a)  and  90R  (b)  scattermg 

(geometries.  SA;  samoie;  5:  scattering  volume;  k^ks--  wave  vectors  of  the  incident  and 

scattered  laser  light. 

Figure  5:  Sound  frequences  of  cuasi-longitudinal  (QL,  o)  and  quasi-transverse 

iQT,  •)  acoustic  modes,  measured  usmg  the  90A  scattering  geometry,  as  a  runcaon  of 
the  sample  rotadon  angle  The  (y=2)*axis  is  the  rotation  axis.  Date  points  i-)  and 
i.x)  have  been  measured  using  the  90R  scattering  geometry  (further  explanaaons  in 
the  te.xt). 


Fiyore  4:  Polar  diagram  of  the  measured  quasi-longitudinal  (o)  and  quasi- 

transverse  (•)  sound  velocities.  The  full  lines  are  fit  curves  (for  explanation  see  text). 
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Thin,  highly  onented  layen  of  polyi tnrafluoroethylene i  (PTFE.  Teflon'*)  were  produced  with  a  nmple 
mecnanical  deposiuon  technique.  Previously,  it  was  shown  that  these  Aims  are  exceptionally  efficient 
substrates  for  onented  growth  of  a  vaneiy  of  matenals.  In  this  communication  we  repon  on  the  struaure 
of  the  PTFE  layers,  as  revealed  with  the  atomic  force  microscope  lAFM).  at  a  resolution  suffiaeni  to 
distinguish  the  individual  macromolecules.  AFM  images  showed  the  surface  roughness  from  scan  of 
a  few  nanometres  up  to  40  um.  Analysis  of  damaged  films  allowed  an  estimation  of  the  film  thickness, 
which  ranges  from  ~  15  to  40  nm  thick. 

I  keywords:  potyl  icmllueracdiylcae):  onennat  sabHrsMe:  Momie  fem  nuerMesge) 


Introduction 

Recently,  a  new,  versatile  method  for  orienting 
matenals  has  been  developed' .  The  technique  consists  of 
mechanically  depositing  a  thin,  oriented  layer  of 
.  polyi tetrafluoroethylene I  (PTFE)  onto  a  smooth 
)  counterface  such  as  glass,  by  dragging  the  polymer  at 
'  controlled  temperature,  pressure  and  speed  against  the 
substrate.  Subsequently,  the  species  of  interest  are 
deposited  onto  these  PTFE  films  ^om  the  melt  or  vapour 
phase  or  from  solution  to  yield  surpnsingly  weil<oriented 
matenals.  Electron  diffraction  of  the  orientation*ioducing 
films  revealed  that  the  macromolecules  were  oriented 
parallel  along  the  dragging  direction'.  It  was  postulated 
that  the  PTFE  layers  were  not  molecularly  smooth,  and 
that  their  onenting  faculty  denved.  in  pan.  from  the 
multitude  of  ridges  in  the  film,  which  presumably 
provided  effective  nucleation  sites  that  induced  the 
onented  growth  of  a  great  number  of  materials* 
deposited  onto  the  PTFE  films.  However,  no  direct 
evidence  was  available  with  regard  to  the  structure  and 
topology  of  the  PTFE  layer  to  directly  substanuate  the 
proposed  mechanism. 

Tliis  paper  reports  on  the  characterization  of  the  thin 
PTFE  films  with  the  atomic  force  microscope  (AFM). 
The  AFM  was  invented  in  1985  by  Binning,  Quate  and 
Gerber^-^.  It  images  surfaces  by  raster<scanning  a  sharp 
tip  over  the  surface  at  a  consunt  very  low  force.  Under 
optimum  conditions,  the  resolution  of  the  AFM  may  be 
as  low  as  a  few  angstroms,  sufficient  to  resolve  atoms, 
molecules  and  polymers^’.  Magonov  et  af.‘®  have 
observed  oriented  polyethylene  (PE)  at  submolecular 
resolution  with  the  AFM  and  have  detected  overlapping 
fibrils  in  an  extruded  PE  rod.  Patil  et  al."  have  shown 
,  that  the  AFM  is  useful  for  measuring  lamellar  thicknesses 
in  dendritic  crystals  of  PE. 


'  In  this  work  we  alee  obterved  ihai  the  preicni  PTFE  lilim  elhatvety 
induced  the  ordered  growth  of  a  low  moleeular  weight  ONA.  i.e.  a 
fluoresoein-labelled  2S-mer 


Methods 

Preparation  of  PTFE  orienting  substrates^  Glass 
microscope  slides  used  as  substrates  for  PTFE  films  were 
cleaned  overnight  in  etbanolic  K.OH.  A  solid  PTFE 
(commercial  grade  Teflon*)  bar  was  moved  along  the 
surface  of  the  cleaned  glass  slide  at  a  rate  of  1  mm  s~  ‘ 
and  a  pressure  on  the  order  of  lkgcm~*.  The 
temperature  of  both  the  PTFE  rod  and  the  glass  surface 
was  3(X)*C.  The  PTFE  layers  when  imaged  by 
cross-polarized  light  microscopy  were  barely  visible: 
nevenheless  very  fine  parallel,  birefrtngent  rows  were 
detected,  which  were  relatively  free  of  defects. 

.4FM  imaging.  The  PTFE  layers  were  imaged  with  a 
NanoScope  II  from  Digital  Instruments  (Sanu  Barbara. 
CA.  USA).  The  image  in  Figure  I  was  taken  using  an 
AFM  with  a  60  um  *F  scanner.  The  image  in  Figure  2 
was  taken  with  a  custom  AFM  built  into  a  light 
microscope.  This  AFM  had  a  0.6  fim  scan  ran^.  All 
imaging-  was  done  in  air.  The  silicon  nitride  cantilevers 
with  integrated  tips'^  were  100  um  long  with  narrow 
arms. 

Results 

The  AFM  image  of  the  PTFE  layers  in  Figure  I  reveals 
parallel  ridges  running  in  the  direction  in  which  the 
Teflon*  bar  was  moved  over  the  mkroicope  dide.  Also, 
a  kink  band  can  be  seen,  about  half  way  across  tte  field 
and  running  in  a  horizontal  direction.  Defects  of  this  type 
were  uncommon  and  were  probably  caused  by  an 
abnormal  vibration  during  deposition  of  the  layer. 

Heights  and  spadngs  of  the  PTFE  ridges  were 
estimated  from  many  AFM  images.  Measured  spadngs 
between  ridges  rang^  from  <25  nm  to  >  1  laa.  Heights 
of  individual  ridges  typically  ranged  from  1  to  *•'  30  nm : 
ridges  as  high  as  60-70  nm  were  occasionally  seen.  The 
measured  heights  of  individual  ridges  agreed  well  with 
the  measurements  of  overall  surface  roughness  on  a 
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ri(«n  1  ^FM  ima^  oi  i  ;mn  PTFE  Sim  lmj«  area  is  >  ■  '•»>  am  Hetthi  scale  of  200  nra 
greaiis  magnihes  iRe  sunac;  -ousnncss  ^urua:  -souic  joDcar  Sai  neiint  acre  oioitcd  on  iRc 
same  scale  i*  icncin  ano  a.atn  T-c  rrae:  -a?  "icnoas-  or  .o«oass  niiennc  Noie  Rnelv 
soaceo  PTFE  'ows  runnms  ;n  :ne  a  *tc;;on  n  anic"  ."e  ooi-mer  «as  laia  aoum  aiao.  a  erne 
Band  IS  seen 


Fifvrt  2  AFM  image  of  a  ihin  PTFE  Sim  showing  rows  of  ~0  5  nm  spaang.  Image  ana  is 
15  «  .'5fim  The  image  was  laken  wun  NanoScooe  fl  wFM  senings  of  lowpass  filter- I. 
hignpass  Slier -4  and  was  noi  nliereo  'uriner  L-Snerea  —ages  O'  -it  PTFE  rows  have  a 
similar  appearance  ana  lOeniicai  spacing  :nc  esumaieo  nereni  of  PTFE  rows  in  luifiilcred 
images  is  0  1 ;  nm 


number  of  samples.  The  AFM  image  in  Fiaure  for 
example,  was  of  a  height  of  42  nm.  or  less,  over  96"  s  of 
Che  surface:  che  height  of  the  remaining  4"o  of  the  surface 
reached  values  as  high  as  9S  nm.  It  should  be  noted  that 
che  AFM  may  underestimate  the  heights  of  closely  spaced 
peaks,  because  the  AFM  tip  is  pyramidal,  with  a  radius 
of  curvature  estimated**  at  20-40  nm 
A  higher  magnihcation  AFM  image  of  the  PTFE 
surface  unveiled  individual  molecules  i  Figure  2  i.  The 
characteristic  mtermolecular  spaang'^  of  the  PTFE 
crystal  latuce  is  0.49  nm,  which  is  not  significantit 
different  from  the  row  spacing  seen  in  AFM  images  of 
PTFE  films.  The  AFM  typically  is  calibrated  by  imagine 
mica,  which  has  a  lattice  spacing  of  0.52  nm  When  PfFE 
and  mica  were  imaged  sequentially  under  the  same 
conditions  in  the  AFM.  the  spacing  of  the  rows  on  PTFE 
was  virtually  indistinguishable  from  the  spaang  in  the 
mica  lattice.  The  molecular  weight  of  the  PTFE  usea  was 


'  (f'kgKmor  which  corresponds  to  a  molecular 
■engin  oi  ^  .im  Thus  it  is  not  surprising  that  no 
evidence  of  molecular  ends  in  AFM  images  of  molecular 
resolution  were  seen,  since  such  high  resolution  could 
only  be  observed  in  scans  of  40  nm  or  leas.  OccMioiiaUy, 
AFM  images  showed  traces  of  structure  along  the  PTFE 
rows  with  the  approximate  spacing  expected  for  -CFj 
groups  Such  structure  was  seen  more  otai  when  the 
scan  direction  was  rotated  by  90*. 

A  damaged  PTFE  film  Was  imaged  in  the  AFM  to 
estimate  the  thickness  of  the  layer  on  the  glass  microscope 
slide  The  ai.er3ge  thickness  of  the  PTFE  layer  deposited 
under  the  present  conditions  varied  from  IS  to  40  nm  on 
different  regions  of  the  film.  Inteiestingty.  the  PTFE  films, 
unlike  mans  surfaces,  could  not  be  damaged  with  the 
AFM.  even  b>  deliberately  increasing  the  force.  The 
AFM.  operatine  in  air.  typically  scans  surfisoes  with 
forces"*  of  -  ic'  '  N  The  PTFE  layers  could,  however. 
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be  easily  damaged  by  such  actions  as  touching  a  plastic 
pipette  tip  to  the  surface. 


CoHcbakms 


Highly  oriented  PTFE  layers  show  an  unusual  ability 
to  orient  a  wide  variety  of  molecules  and  have  the 
potential  for  many  practical  applications^ .  The  AFM  was 
successfully  employed  to  characterize  the  complex 
surfaces  of  PTFE  layers  on  a  scale  from  tens  of 
micrometres  to  less  than  a  nanometre,  thus  revealing 
both  molecular  features  and  gross  surface  topology.  The 
latter  information  will  be  of  cntical  importance  in 
developing  an  understanding  of  the  onenting  faculty  of 
the  PTFE  layers  and  once  more  identifies  the  .AFM  as 
an  exceptionally  powerful  tool  in  materials  research. 
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Highly  ordered  conjugated  polymers  in  polyethylene: 
orientation  by  mesoepitaxy 
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We  report  the  anisotropic  absorption.  2((u),  and  phototuminescence,  Liu),  spectra  from  films  obtained  by 
using  gel  processing  for  orienting  a  conjugated  polymer  guest  blended  into  ultra-high  molecular  weight 
polyethylene  (UHMW-PE).  Both  a(cu)  and  L(u)  are  anisotropic;  for  example,  the  polarization  dependence 
of  L(ai)  indicates  an  anisotropy  >60:1  with  preferred  direction  parallel  to  the  draw  axis.  We  conclude  that  gel 
processing  results  in  orientation  and  a  reduction  in  disorder  through  mesoepitaxy;  epitaxial  orientation  of 
the  conjugated  polymer  on  the  internal  surfaces  of  the  gei-processed  PE. 

(Keywords;  conjugated  polymers:  polyethylene:  mesoepitaxy) 


Interest  in  conjugated  polymers  as  materials  with 
potentially  useful  linear  and  non-linear  optical  properties 
originates  primarily  from  the  relatively  broad  energy 
bands  and  the  strong  n~7i*  interband  transition  which 
are  characteristic  of  these  semiconducting  polymers* .  The 
implied  delocalization  of  the  tt-electrons  provides  a 
mechanism  for  relatively  high  carrier  mobilities  upon 
doping  or  photoexcitation. 

Delocalization  of  the  electronic  wavefunctions  in 
conjugated  polymers  is  also  expected  to  lead  to  a  large 
third-order  non-linear  optical  susceptibility,  Calcula¬ 
tions*  predict  a  dramatic  increase  in  non-linear  response 
with  chain  length;  is  proportional  to  N'  where  N  is 
the  polymerization  index  and  v  a  4-5.  Although  must 
saturate  in  the  thermodynamic  (long  chain)  limit,  the 
calculations  imply  that  saturation  does  not  occur  until 
N  reaches  values  of  order  10^.  However,  because  of  the 
tendency  for  localization  of  the  electronic  wavefunctions 
in  quasi-one-dimensional  systems,  the  localization  length 
may  be  much  less  than  the  chain  length,  thus  limiting 
x'-”.  The  same  disorder-induced  localization  limits  the 
electrical  conductivities  in  all  but  the  most  highly  ordered 
samples  of  doped  conducting  polymers^  *.  There  is, 
therefore,  a  clear  scientific  and  technological  need  for 
quality  thin  films  of  aligned  and  ordered  conjugated 
polymers. 

We  report  the  polarized  absorption  and  emission 
spectra  from  a  conjugated  polymer  blended  into 
ultra-high  molecular  weight  polyethylene  (UHMW-PE) 
and  oriented  by  gel  processing.  By  varying  the  draw  ratio 
and  the  concentration  of  conjugated  polymer  in  the 
blend,  the  optical  dichroism  and  the  optical  density  can 
be  independently  controlled,  thus  providing  the  oppor¬ 
tunity  to  obtain  anisotropic  n-it*  absorption  spectra  and 
anisotropic  emission  spectra  for  highly  aligned  samples 
of  poly(2-methoxy,  5-(2'-ethyl-hexyloxy)-p-phenylcne 
vinylene)’,  MEH-PPV,  and  other  soluble  conjugated 
polymers.  The  results  indicate  that  gel  processing  causes 
a  reduction  in  disorder  through  mesoepitaxy*;  an 
epitaxial  orientation  of  the  MEH-PPV  on  the  internal 
surfaces  of  the  gel-processed  PE. 


*To  whom  correspondence  should  be  addressed 


The  simplest  method  of  achieving  chain  extension  and 
chain  orientation  of  a  polymer  is  by  tensile  drawing. 
Unfortunately,  the  relatively  high  density  of  entangle¬ 
ments  present  in  most  polymers  limits  the  available  draw 
ratios  (/.)  to  modest  values.  A  principal  advantage  of  gel 
processing  is  that  because  of  the  dilution  of  the  polymer 
in  the  gel  (e.g.  UHMW-PE  forms  gels  at  volume  fractions 
even  below  1  % ),  the  density  of  entanglements  is  far  lower 
than  in  polymers  prepared  from  the  melt,  etc.’. 
Moreover,  the  low  entanglement  density  remains  even 
after  removing  the  solvent.  Thus  such  gels  (or 
gel-processed  films  and  fibres)  can  be  tensile  drawn  to 
remarkable  draw  ratios  iA>200)  during  which  the 
macromolecules  are  chain  extended  and  aligned. 

Can  this  high  degree  of  structural  order  achieved 
through  gel  processing  be  transferred  to  a  conjugated 
polymer  in  a  UHMW-PE  blend?  On  first  thought  this 
would  seem  unlikely  for  the  two-component  polymers 
are  typically  immiscible  (since  the  entropy  of  mixing  is 
essentially  zero  for  macromolecules).  However,  there  is 
evidence  of  a  strong  interfacial  interaction  when 
conjugated  polymers  are  added  to  an  UHMW-PE  gel; 
the  frequency  dependent  conductivity  results®  suggest 
that  the  conjugated  polymer  adsorbs  onto  the  PE  and 
decorates  the  complex  surface  of  the  gel  network,  thereby 
forming  connected  (conducting)  pathways  at  volume 
fractions  nearly  three  orders  of  magnitude  below  the 
threshold  for  three-dimensional  percolation®.  The 
implied  strong  interfacial  interaction  suggests  that  ' 
processing  of  conjugated  polymers  in  PE  may  leac  tc* 
orientation  of  the  conjugated  polymer  component. 

PE/MEH-PPV  blends  were  prepared’"’  by  mixing 
7.5  mg  of  MEH-PPV  (M,  5: 250000)  in  xylene  with 
0.75  g  of  UHMW-PE  (Hostalen  GUR  415;  «  4  x  10*) 

in  xylene  such  that  the  PE;solvent  ratio  was  0.75  wt%. 
This  solution  was  thoroughly  mixed  and  allowed  to 
equilibrate  in  a  hot  oil  bath  at  126°C  for  1  h.  The  solution 
was  then  poured  into  a  glass  container  to  cool,  forming 
a  gel  which  was  allowed  to  dry  (into  a  film)  for  several 
days.  Films  were  then  cut  into  strips  and  tensile  drawn 
over  a  hot  pin  at  110-120°C.  The  resulting  films  are 
extremely  durable  due  to  a  combination  of  the  stability 
of  MEH-PPV  and  the  self-encapsulation  advantage  of 
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polymer  blends;  repeated  thermal  cycling  and  constant 
exposure  to  air  caused  no  observable  degradation. 

The  spectra  were  measured  with  a  0.3  m  single  grating 
monochromator,  and  a  mechanically  chopped  tungsten- 
halogen  light  source;  light  was  detected  by  a  photo¬ 
multiplier  tube  (Hamamatsu  R372)  and  the  output  was 
sent  to  a  lock-in  amplifier.  The  samples  were  mounted 
on  sapphire  substrates  which  were  fitted  into  a  copper 
sample  holder  and  mounted  on  the  cold  finger  of  a 
vacuum  cryostat.  To  study  the  polanzation  dependence 
of  a(cu).  a  dichroic  sheet  polarizer  (MG  03  FPG  (X)5) 
was  inserted  on  a  rotational  stage  just  before  the  sample. 
Because  of  the  dilution  (1%  conjugated  polymer)  of  the 
gel-processed  films,  the  index  is  dominated  by  that  of  PE 
so  that  the  reflection  losses  were  limited  to  a  few  per  cent 
even  for  relatively  thick  samples  with  moderate  optical 
density.  Thus,  the  absorption  coeflicients.  a.,  and  .  were 
accurately  determined  after  correcting  for  the  back¬ 
ground  with  a  blank  substrate.  For  the  photo¬ 
luminescence  (PL ),  the  sample  was  excited  by  a  polarized, 
mechanically  chopped  (400  Hz)  Ar*  ion  laser  (Coherent 
model  70)  tuned  to  457.9  nm.  To  determine  the 
polarization  dependence  of  Lieu),  the  polarizer  was  placed 
on  a  rotation  stage  at  the  entrance  slit  of  the 
monochromator.  All  PL  spectra  were  corrected  by 
replacing  the  sample  with  an  NIST  referenced  lamp. 
Absorption  spectra  were  monitored  before  and  after 
luminescence  runs  to  insure  against  optical  damage. 

The  absorption  spectra  for  an  oriented  free-standing 
film  (A  ~50)  of  PE/MEH-PPV  are  shown  in  Figure  I 
for  polarization  both  parallel  to  (||)  and  perpendicular 
to  (4.)  the  draw  axis  and  for  a  spin-cast  film  of  pure 


Figure  1  Anisotropic  absorption  for  an  onented  film  (a~50)  of 

PE/MEH-PPV  for  polarization  both  parallel  to  ( - )  and 

perpendicular  to  ( - )  the  draw  axis  and  for  a  spin-cast  film  of  pure 

MEH-PPV  ( — ).  all  at  80  K.  The  scattering  loss  from  a  UHMW-PE 
film  of  comparable  thickness  and  draw  ratio  is  shown  I  -  - . )  for 
companson 


MEH-PPV  (both  at  80  K).  These  spectra  were  scaled  to 
that  of  a,|(cu)  which  has  a  maximum  value  of 
2.2  X  10^  cm  *  ‘  at  2.2  eV  (1  %  MEH-PPV  m  PE ).  .A  high 
degree  of  macroscopic  onentation  of  the  conjugated 
polymer  has  been  achieved  by  tensile  drawing  the 
gel-processed  blend.  Moreover,  i  i(cu)  shows  a  distinct 
red  shift,  a  sharper  absorption  onset,  and  a  reduced  total 
width  compared  to  2(ty)  for  the  spin-cast  film.  These 
features,  together  with  the  appearance  of  resolved 
vibronic  structure,  indicate  a  significant  improvement  in 
the  structural  order  of  the  conjugated  polymer  in  the 
oriented  blend. 

The  transverse  ‘absorption'  {Figure  I )  is  dominated  by 
scattering  from  microstructure  in  the  PE  as  demonstrated 
by  comparing  2i(cj)  with  the  artificial  'absorption',  due 
to  residual  scattering,  obtained  from  an  undecorated  . 
UHMW-PE  film  of  comparable  thickness  and  draw  ratio. 
The  initial  slope  is  the  same  and  the  overall  spectral  shape 
is  similar.  To  circumvent  the  problem  of  residual 
scattenng,  the  dichroism  of  selected  infra-red  (i.r.i- 
active  modes  associated  with  MEH-PPV  has  been 
studied  as  a  function  of  the  draw  ratio;  the  dichroic 
ratio^°  continues  to  improve  monotonically  with  A  to 
a.,/a^  >  100. 

The  PE  scattenng  was  investigated  by  passing  a 
He-Ne  laser  (632.8  nm)  through  the  various  samples  and 
examining  the  speckel  pattern.  For  oriented  samples 
(both  decorated  and  nondecorated),  the  pattern  consisted 
of  a  sharp  line  in  the  equatonal  plane  supenmposed  on 
a  diffuse  isotropic  background.  By  treating  the  samples 
with  mineral  oil.  the  diffuse  background  (from  surface 
scattenng)  was  eliminated,  leaving  only  the  sharp 
equatorial  line.  The  scattering  cross  section  of  the 
equatonal  line  was  found  to  be  independent  of  the  radial 
angle  <t>,  thus  implying  a  scattering  centre  with 
dimensions  L  such  that  L_  «  Ah,_«,.,  «  L...  The  residual 
equatorial  scattering  is  therefore  attnbuted  to  elongated 
microstructure  in  the  PE“.  Efforts  are  underway  to 
modify  the  gel  processing  to  reduce  the  scattering  by  the 
oriented  films. 

Figure  2  compares  3(a»)  of  a  non-onented  free-standing 
film  of  PE/MEH-PPV,  2,1(01)  of  the  oriented  film  of 
PE/MEH-PPV  and  2(0;)  of  the  spin-cast  film  (all  at 
80  K).  The  spectrum  obtained  from  the  non-oriented 
blend  is  intermediate  between  that  of  the  spin-cast  film 
and  the  oriented  blend;  it  shows  the  red  shift,  the  sharper 
absorption  onset,  the  reduced  total  bandwidth  and  the 
emergence  of  vibronic  structure.  Thus,  even  in  the 
non-oriented  blend,  the  MEH-PPV  spectra  are  in  every 
way  consistent  with  a  significant  enhancement  of 
microscopic  order.  Comparison  of  2,.  (cu)  of  the  oriented 
film  of  PE/MEH-PPV  with  2(01)  of  the  non-oriented  film 
of  PE/MEH-PPV  shows  that  there  is  a  sharpening  of  all 
spectral  features  and  a  clear  redistribution  of  spectral 
weight  into  the  zero-phonon  line  (i.e.  the  direct 
photoproduction  of  a  polaron-exciton  in  its  vibrational 
ground  state) The  data  thus  indicate  a  further 
enhancement  of  structural  order  by  tensile  drawing. 

The  inset  to  Figure  2  compares  2.,(cu)  of  an  oriented 
film  of  PE/MEH-PPV  at  30  K  with  that  at  300  K.  As 
the  temperature  is  raised  the  peak  shifts,  the  onset  of 
absorption  broadens  and  there  is  both  loss  of  resolution 
and  redistribution  of  spectral  weight  out  of  the  lowest 
energy  vibronic  feature.  The  changes  in  2,|(a))  at  300  K 
are  indicative  of  increased  disorder,  similar  to  the  changes 
caused  by  the  structural  disorder  of  the  spin-cast  films. 
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Figure  2  Anisotropic  absorption.  2|a>K  of  a  non-oriented  free- 

standing  film  of  PE.  MEH-PPV  ( - ),  i,,(£u)  of  the  onented  film  of 

PE.  MEH'PPV  ( - )  and  iloi)  of  the  spin-cast  film  ( — ).  all  at 

80  K.  The  inset  compares  i  ,lcj)  of  the  oriented  film  at  80  IC  ( - ) 

and  at  300  K  ( - 1 


Figure  3  Anisotropy  in  the  80  K  PL  spectrum.  L(cu),  from  an  oriented 
film  of  PE/MEH-PPV  for  parallel  pumping;  the  upper  solid  curve  is 
L  .icj):  the  lower  solid  curve  is  L^(uil:  the  dotted  curve  is  Ljw)  scaled 
I  X  40)  for  clarity.  The  inset  shows  the  dependence  of  L(to)  on  the 
polarization  angle  relative  to  the  chain  axis  (the  solid  curve  is  a  fit  to 
COS'  9) 


Figure  3  demonstrates  the  anisotropy  in  the  80  K 
emission  spectrum,  Licj)  of  an  onented  free-standing  film 
of  PE/MEH-PPV  for  parallel  pumping.  The  inset 
displays  the  polarization  dependence  of  L(ai)  measured 
at  the  zero-phonon  line^^  (2.091  eV).  The  residual 
scattering  sets  a  lower  limit  on  this  anisotropy  of 
L  >  60  with  the  preferred  direction  parallel  to  the 
draw  axis.  In  addition  to  being  much  weaker, 
shows  relatively  less  spectral  weight  in  the  zero-phonon 
line‘‘.  consistent  with  a  higher  degree  of  disorder  in  the 
residual  non-oriented  matenal.  For  perpendicular 
pumping,  the  anisotropy  (~30;1)  and  spectral  features 
were  similar,  but  with  the  intensity  of  the  parallel 
emission  reduced  by  a  factor  of  ~4.  To  our  knowledge, 
this  is  the  first  observation  of  truly  anisotropic  emission 
(magnitude  and  lineshape)  in  a  conjugated  polymer 
system. 

The  polarized  nature  of  L(cj)  implies  that  the  emission 
is  from  neutral  bipolaron  excitons  (formed  from  positive 
and  negative  polarons)  localized  on  MEH-PPV  chains. 
This  is  particularly  significant  since  the  energy  of  the 
pump  (457.9  nm)  is  sufficient  for  charge  separation  and 
polaron  formation.  Even  with  a  perpendicularly  polar¬ 
ized  pump,  L(cu)  is  polarized  along  the  chain  direc¬ 
tion,  implying  that  polarons  on  separate  chains  migrate 
until  an  oppositely  charged  polaron  is  encountered  on 
the  same  chain.  The  relatively  large  confinement  energy 
of  PPV  may  be  responsible  for  efficient  formation  of  such 
neutral  bipolaron  excitons^ 

We  conclude  that  the  MEH-PPV  is  chain  extended 
and  ordered  by  the  gel-processed  PE,  with  macroscopic 
chain  alignment  and  improved  order  induced  by  tensile 
drawing.  Since  there  is  evidence  from  the  earlier  studies 
of  such  gels  that  the  conjugated  polymer  adsorbs  onto 
the  PE  and  decorates  the  complex  surface  of  the 
self-assembled  PE  network®  '*,  we  suggest  that  the 
conjugated  polymer  is  oriented  (and  ordered)  by  a 
mesoscale  epitaxy  on  the  internal  PE  surfaces,  i.e. 
mesoepitaxy®.  There  are  two  observations  which  imply 
alignment  by  mesoepitaxy.  First,  there  is  spectroscopic 
evidence  of  improved  order  in  the  PE  MEH-PPV  blends 
even  prior  to  tensile  drawing  I  Figure  2).  This  is  consistent 
with  mesoepitaxial  adsorption  of  the  conjugated 
macromolecules  onto  the  lamellar  PE  crystallites  within 
the  gel.  Second,  when  MEH-PPV  is  cast  onto  a  film  of 
pure  UHMW-PE  which  has  been  stretched  to  a  moderate 
draw  ratio  (e.g.  A  >  20),  the  MEH-PPV  orients 
spontaneously  along  the  draw  direction.  This  character¬ 
istic  feature  of  mesoepitaxy  was  first  observed  for 
polyaniline  when  brought  out  of  solution  (from  sulphuric 
acid)  onto  a  surface  coated  with  a  thin  ( <  100  A)  oriented 
poly(tetrafluoroethylene)  film®. 

During  the  tensile  drawing  of  gel-processed  PE  fibres 
and  films,  there  are  several  stages  of  evolution  of  the 
microstructure'®.  Initially,  the  lamellar  PE  crystals  are 
simply  aligned  without  a  significant  change  in  the 
amorphous  fraction.  At  higher  draw  ratios,  the  lamellar 
crystals  are  pulled  apart  and  chain  extended;  simul¬ 
taneously,  the  amorphous  interconnecting  regions  are 
chain  extended  and  chain  aligned  leading  to  an  overall 
degree  of  chain  extension,  chain  alignment  and  interchain 
coherence  that  approaches  the  order  in  a  single  crystal. 
Figures  1  and  2  demonstrate  that  throughout  this  process, 
the  conjugated  chains  (in  the  blend)  are  ordering  and 
aligning  on  the  evolving  internal  surfaces  of  the  PE. 

The  fac:  that  the  alkyl  side  chains  on  the  MEH-PPV 
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are  ethylene-like  may  serve  to  enhance  the  interfacial 
interaction.  There  is  evidence  that  adsorption  of  the 
MEH-PPV  onto  the  PE  surface  is  energetically  favoured 
over  dissolution  in  the  solvent;  the  small  amount  of 
solvent  which  is  expelled  during  processing  is  only  very 
lightly  coloured.  We  note,  in  this  context,  that  we  have 
been  able  to  achieve  similar  results  with  poly(3- 
octylthiophene)  through  gel  processing  with  PE. 

In  summary,  we  have  demonstrated  a  novel  method 
for  obtaining  highly  aligned  and  structurally  ordered 
conjugated  polymers  by  mesoscale  epitaxy  using  gel 
processing  in  blends  with  PE  and  subsequent  tensile 
drawing.  By  controlling  the  concentration  of  conjugated 
polymer  in  the  blend,  we  have  obtained  highly  aligned, 
durable  samples  with  controlled  optical  density.  This 
allows  the  direct  observation  of  the  spectral  changes  that 
occur  as  a  result  of  the  improved  structural  order  induced 
by  mesoepitaxial  alignment  of  the  conjugated  macro¬ 
molecules.  The  details  of  the  spectral  changes  (sharper 
absorption  edge  and  enhancement  of  the  zero-phonon 
vibronic  transition)  imply  a  significant  increase  of  the 
localization  length.  The  PL  spectrum  is  polarized 
(>60:1)  indicative  of  emission  from  bipolaron  excitons 
on  the  ordered  and  aligned  chains.  Experiments  are  in 
progress  to  determine  the  effect  of  the  improved  order 
and  the  implied  delocalization  (which  profoundly  affect 
the  linear  optical  properties)  on  the  non-linear  optical 
properties. 
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Enhanced  order  and  electronic  delocalization  in  conjugated  polymers  oriented 

by  gel  processing  in  polyethylene 
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We  report  the  polarized  abeorption  a»{hu)  and  photoiumineacence  £«(hw)  spectra  of 
gel-proceaaed  blend*  of  poly(2-methoxy,5-(2’-ethyl-hexo*y).p.phenylenevinylene),  MEHPPV,  m 
ultrahigh- molecular- weight  polyethylene.  Both  a»{Hu)  and  £*(/lw)  are  highly  anisotropic,  with 
preferred  direction  polarized  parallel  to  the  draw  axis,  demonstrating  that  gel  processing  and  sub¬ 
sequent  tensile  drawing  resulu  in  the  orientation  of  the  conjugated  polymer  guest.  In  contrast  to 
cast  films  of  the  pure  conjugated  polymer  (MEHPPV),  the  oriented  blends  display  a  sharpening 
of  the  vibronic  structure  and  a  redistribution  of  spectral  weight  into  the  zero-phonon  line  in  both 
absorption  and  emission  for  light  polarized  parallel  to  the  draw  axis.  In  the  most  highly  oriented 
.MEHPPV-polyethylene  blends,  the  induced  order  is  sufficient  to  enable  the  determination  of  the 
intrinsic  line  shape  of  the  absorption:  we  find  the  band-edge  square-root  singularity  characteristic 
of  a  one-dimensional  semiconductor.  The  changes  in  the  spectral  features  resulting  from  materials 
processing  are  quantified  using  a  Franck-Condon  analysis  and  interpreted  in  terms  of  a  modification 
of  the  ground-  and  exated-state  configurational  manifolds.  We  conclude  that  processing  the  blends 
via  the  gel  intermediate  state  and  subsequently  orienting  by  tensile  drawing  yields  a  system  with 
significantly  reduced  disorder. 


I.  INTRODUCTION 

A.  Vibrational  relaxation  and  electronic  localization 
in  one-dimensional  n--electron  systems 

In  conjugated  polymers,  the  coupling  of  the  x  electrons 
to  the  polymer  backbone  via  the  electron-phonon  inter¬ 
action  causes  structural  relaxation  in  the  excited  state 
and  the  formation  of  self-localized  nonlinear  excitations; 
solitons,  in  the  case  of  a  degenerate  ground  state,  or  con¬ 
fined  soli  ton  pairs  (polarons  or  bipolarons)  in  the  case 
of  a  nondegenerate  ground  state.  Both  the  structural 
relaxation  in  the  bond  alternation  pattern  and  the  as¬ 
sociated  (transient)  localized  electronic  states  in  the  gap 
have  been  studied  in  detail  using  the  techniques  of  pho- 
toinduced  absorption  as  excitation  spectroscopy.' 

In  addition  to  this  intrinsic  self-localization,  quasi-one- 
dimensional  systems  are  especially  sensitive  to  localiza¬ 
tion  induced  by  disorder.'  In  one-dimensional  systems, 
ail  electronic  states  are  localized  by  disorder.^  The  local¬ 
ization  length  (i.e  ,  the  spatial  extent  of  the  electronic 
wave  function)  is  determined  by  the  degree  of  disorder 
and  by  the  energy  of  the  state.  For  states  near  the 
band  edges,  the  localization  length  is  smallest,  increas¬ 
ing  to  maximum  values  near  the  band  centers.  Although 
the  interchain  transfer  interactions  which  lead  to  three- 
dimensional  band  structures  tend  toward  electronic  de- 
localization,  we  expect  that,  because  of  the  high  degree 
of  intrinsic  anisotropy  in  conjugated  polymers,  disorder- 
induced  localization  will  be  of  major  importance  in  all 
but  the  most  well-ordered  systems. 

Independent  of  its  origin,  localization  of  the  electronic 
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wave  function*  has  far  reaching  ramifications  for  such 
diverse  phenomena  as  the  nonlinear  optical  response  of 
the  pure  semiconducting  state  and  the  electronic  trans¬ 
port  in  the  doped  conducting  state.  Disorder-induced 
localization  is  known  to  convert  doped  conducting  poly¬ 
mers  from  true  metals,  with  large  mean  free  paths  and 
coherent  transport,  into  poor  conductors  in  which  the 
transport  is  limited  by  phonon-assisted  hopping.^  Delo¬ 
calization  of  the  electronic  wave  functions  in  conjugated 
polymers  is  also  expected  to  lead  to  a  large  third-order 
nonlinear  optical  susceptibility  Since  calculations'* 
predict  a  dramatic  increase  in  the  nonlinear  optical  re¬ 
sponse  with  increasing  conjugation  length,  electronic  lo¬ 
calization  can  be  expected  to  seriously  limit  the  magni¬ 
tude  of 

In  order  to  optimize  the  broad  range  of  electrical  and 
mechanical  properties  of  conjugated  polymers,  a  variety 
of  processing  techniques  have  been  developed’  which  fo¬ 
cus  on  chain  extension  and  chain  alignment  with  the  goal 
of  improving  the  structural  order  to  the  point  that  the 
intrinsic  properties  of  the  macromolecular  chains  can  be 
achieved  in  real  materials.  Post-synthesis  tensile  drawing 
(stretch  orientation)  techniques  have  demonstrated  sig- 
nificruit  improvements  in  the  electrical  conductivity,’  the 
electro-optic  effect,^  and  third  harmonic  generation’  ’  in 
(rans-polyacetylene.  Similar  improvements  in  the  electri¬ 
cal  and  mechanical  properties  of  poly(phenylenevinylene) 
and  its  derivatives,'®  poly(thienylene  vinylene),"  and 
the  poly{3-alkylthiophenes)(Ref.  12)  have  shown  that  the 
correlated  improvements  of  the  electrical  and  mechani¬ 
cal  properties  which  result  from  chain  extension,  chain 
alignment,  and  structural  order  are  general  phenomena.’ 
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However,  further  improvement  in  material  quality  is  nec¬ 
essary  to  enable  the  exploration  of  the  intrinsic  electronic 
properties  of  conjugated  polymers. 

B.  Polymer  blends: 

Conjugated  polymers  in  polyethylene 

Our  interest  in  blends  containing  conjugated  poly¬ 
mers  as  guests  in  polyethylene  (PE)  originated  in  the 
opportunity  to  utilize  the  high  degree  of  chain  exten¬ 
sion,  chain  alignment,  and  structural  order  attained  by 
gel-processing  polyethylene^^  to  induce  similar  order  on 
the  guest  conjugated  macromolecules  incorporated  in 
the  blend,  and  from  the  desire  to  combine  the  attrac¬ 
tive  mechanical  properties  of  ultrahigh-molecular-weight 
(UHMW)  polyethylene  with  the  electronic  properties 
(electrical  conductivity,  anisotropic  linear  and  nonlinear 
optical  properties  etc.)  of  the  conjugated  polymer. 

The  advantage  of  utilizing  the  thermoreversible  gela¬ 
tion  of  polyethylene  for  processing  is  that  because  of  the 
dilution  of  the  polymer  in  the  gel  (UHMWPE  forms  gels 
at  volume  fractions  even  below  1%),  the  density  of  entan¬ 
glements  is  far  lower  than  for  polymers  prepared  from  the 
melt  or  cast  from  concentrated  solution.  .Moreover,  the 
low  entanglement  density  which  characterizes  the  gel  re¬ 
mains  even  after  removing  the  solvent. Thus,  such  gels 
(or  gel-processed  films  and  fibers)  can  be  tensile  drawn  to 
remarkable  draw  ratios  (greater  than  200)  during  which 
the  macromolecules  are  chain  extended  and  aligned  to  a 
degree  of  structural  order  that  approaches  that  of  a  single 
crystal. 

In  the  initial  publication  on  this  subject,^*  we  reported 
the  anisotropic  absorption  and  photoluminescence  spec¬ 
tra  obtained  from  such  oriented  blends.  The  results 
demonstrated  the  ability  to  transfer  the  high  degree  of 
orientation  and  order  known  for  polyethylene  to  the  con¬ 
jugated  polymer  guest  in  such  blends  with  polyethylene. 
The  80-K  absorption  spectra  for  an  oriented  (draw  ra¬ 
tio:  x30)  MEHPPV-PE  film  are  reproduced  Fig.  1 
for  optical  polarization  both  parallel  and  perpendicular 
to  the  draw  axis  (The  anisotropic  photoluminescencc  is 
described  in  derail  below). 

In  addition  to  this  axial  alignment,  a  number  of  impor¬ 
tant  observations  were  made  concerning  the  effects  of  gel 
processing  (followed  by  tensile  drawing)  of  MEHPPV- 
PE  on  the  line  shape  of  the  interband  transition.  We 
observed  a  sharpening  of  the  vibronic  structure  and  a  re¬ 
distribution  of  spectral  weight  into  the  zero-phonon  line 
in  both  absorption  and  emission  for  light  polarized  par¬ 
allel  to  the  draw  axis.  Based  on  these  results,  it  was 
concluded  that  gel  processing  causes  orientation  and  a 
reduction  in  disorder  through  mesoepitaxy:  a  mesoscale 
epitaxial  orientation  of  the  conjugated  polymer  on  the 
internal  surfaces  of  the  PE  host.^® 

C.  Focus  of  the  paper 

In  this  paper,  we  present  the  results  of  a  comprehensive 
study  of  the  polarized  absorption  ai(hu)  and  photolumi¬ 
nescence  L$lhu)  spectra  of  poly(2-methoxy,5-(2’-ethyl- 


FIG.  1.  The  polarized  absorption  spectra  for  an 

oriented  (xSO)  free-standing  film  of  MEHPPV-PE  for  optical 
polarization  both  parallel  (solid)  and  perpendicular  (dashed) 
to  the  draw  axis.  The  scattering  loss  from  an  undecorated 
UHMWPE  film  of  comparable  thickness  and  draw  ratio  is 
shown  (dotted)  for  comparison. 


he.xoxy)-p-phenylenevinylene),  MEHPPV,  as  the  guest 
in  ultrahigh-molecular-weight  polyethylene.  In  Sec.  II 
we  describe  the  processing  techniques  and  the  apparatus 
used  in  obtaining  the  absorption  and  emission  spectra. 
The  results  of  the  measurements  are  presented  in  Sec.  Ill 
In  Sec.  IV  we  examine  the  effects  of  localization  on  the 
interband  transition;  specifically  addressing  the  condi¬ 
tions  under  which  vibronic  structure  is  to  be  expected  in 
a  conjugated  polymer  system.  In  Sec.  V,  we  summarize 
the  results  of  a  Franck-Condon  analysis  of  the  absorption 
and  emission  spectra  which  indicate  a  modification  of  the 
ground-  and  excited-state  configurational  manifolds  as  a 
consequence  of  materials  processing.  Finally,  in  Sec.  VI, 
we  address  the  implications  of  these  results. 

11.  EXPERIMENT 
A.  Sample  preparation 

MEHPPV-PE  blends  are  prepared  by  mixing  10  mg 

of  poly(2-methoxy,5-(2’-ethyl-hexoxy)-p-phenylene- 
vinylene)  in  xylenes  with  1.0-g  ultrahigh-molecular- 
weight  polyethylene  in  xylenes  such  that  the  total  so¬ 
lute  to  solvent  ratio  is  0.7%  by  weight.  This  solution  is 
thoroughly  mixed  and  allowed  to  equilibrate  in  a  hot  oil 
bath  kept  at  126  *C.  The  solution  is  then  poured  into  a 
glass  container,  where  it  forms  a  gel  upon  cooling,  and  is 
allowed  to  dry  for  several  days.  The  small  amount  of  sol- 
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vent  that  ta  purged  from  the  gel  in  the  early  stage  of  this 
procedure  is  essentially  colorless,  implying  an  attractive 
interfacial  interaction  between  the  two  polymers. 

To  fabricate  the  oriented  samples,  the  resulting 
MEHPPV-PE  films  (made  via  gelation)  are  subsequently 
tensile  drawn  over  a  hot  pin  at  1 10-120  *0.  Although 
such  films  can  be  stretched  (and  oriented)  to  moderate 
draw  ratios  even  at  room  temperature,  our  best  results 
were  obtained  at  elevated  temperatures.  Once  processed 
in  this  manner,  the  films  are  extremely  durable;  repeated 
thermal  cycling  (80-300  K)  and  constant  exposure  to  air 
(over  several  months)  caused  no  observable  degradation. 
Typical  thickness  of  the  oriented  samples  is  several  mi¬ 
crometers. 

B.  Absorption  spectroscopy 

The  apparatus  used  to  investigate  the  absorption 
spectra  consists  of  a  0.3-m  single-grating  monochro¬ 
mator  outfitted  with  a  500-nm  blaze  grating  ruled 
1200  lines/mm  and  a  mechanically  chopped  tungsten- 
halogen  light  source.  The  optical  resolution  at  the  exit 
slits  was  chosen  to  be  1.0  nm.  To  facilitate  the  study 
of  polarization  dependent  effects,  a  UV-VIS  dichroic 
sheet  polarizer  (MG  003FPG  005)  is  inserted  just  be¬ 
fore  the  sample  on  a  rotational  stage.  The  samples  are 
mounted  on  zero  orientation,  one-inch-diameter  sapphire 
substrates  which  fit  into  a  copper  sample  holder  mounted 
onto  the  cold  finger  of  a  cryostat.  Typical  pressures  are 
on  the  order  of  10“*  torr.  The  transmitted  light  is  de¬ 
tected  by  a  photomultiplier  tube  (Hamamatsu  R372);  the 
output  is  sent  via  a  lock-in  amplifier  (Stanford  Research 
SR-330)  to  a  computer.  Absorption  spectra  are  deter¬ 
mined  using  Lambert-Beer’s  law  by  taking  background 
spectra  with  a  blank  substrate  for  ail  optical  configura¬ 
tions  considered. 

C.  Steady-state  luminescence  spectroscopy 

For  the  steady-state  photoluminescence  measure¬ 
ments,  the  tungsten-halogen  light  source  is  replaced  by 
the  photomultiplier  tube,  and  the  sample  is  e.xcited  by  a 
polarized,  mechanically  chopped  (400  Hz)  cw  argon  ion 
laser  (Coherent  model  70)  tuned  to  457  9  nm.  A  long- 
wavelength  pass  filter  (MG  03  FCG  067)  is  inserted  to 
prevent  scattered  laser  light  from  reaching  the  photomul¬ 
tiplier  tube.  To  determine  the  polarization  dependence 
of  the  photoluminescence,  a  Polaroid  is  placed  on  a  rota¬ 
tion  stage  before  the  entrance  slit  of  the  monochromator. 
All  spectra  are  corrected  by  replacing  the  sample  with  an 
NBS  referenced  lamp.  Absorption  spectra  are  obtained 
before  and  after  luminescence  runs  to  ensure  that  no  per¬ 
manent  optical  damage  has  occurred. 

III.  ANALYSIS  OF  THE  EXPERIMENTAL 
RESULTS 

A.  Absorption 

The  80-K  absorption  spectra  for  an  onented  (x50) 
free-standing  film  of  MEHPPV-PE  are  shown  in  Fig.  1  for 


optical  polarization  both  parallel  and  perpendicular  to 
the  draw  axis.  As  demonstrated  by  the  scattering  loss  of 
an  undecorated  UHMWPE  film  of  comparable  thickness 
and  draw  ratio  (dotted),  the  transverse  ‘absorption’  in 
the  oriented  blend  is  dominated  by  scattering  from  resid¬ 
ual  microstructure  in  the  PE.  To  circumvent  the  problem 
of  residual  scattering,  the  dichroism  of  selected  ir-active 
modes  associated  with  MEHPPV  have  been  studied  as  a 
function  of  draw  ratio;  the  dichroic  ratio  improves  mono- 
tonically  with  draw  ratio  to  a||/a^  >  100 

The  PE  scattering  was  investigated  by  passing  a  He- 
Ne  laser  beam  (632.8  nm)  through  the  various  samples 
and  examining  the  speckel  pattern.  For  oriented  sam¬ 
ples  (both  decorated  and  nondecorated),  the  pattern  con¬ 
sisted  of  a  sharp  line  in  the  equatorial  plane  superimposed 
on  a  diffuse  isotropic  background.  By  treating  the  sam¬ 
ples  with  mineral  oil,  the  diffuse  background  (from  sur¬ 
face  scattermg)  was  eliminated,  leaving  only  the  sharp 
equatorial  line.  The  scattering  cross  section  of  the  equa¬ 
torial  line  was  found  to  be  independent  of  the  radial  an¬ 
gle  (9,  thus  implying  a  scattering  center  with  dimensions 
L  such  that  Lx  ^  L||  The  residual  equa¬ 

torial  scattering  is  therefore  attributed  to  elongated  mi- 
crostructure  in  the  PE.*^  Efforts  are  underway  to  modify 
the  gel  processing  to  reduce  the  scattering  by  the  oriented 
films. 

For  the  oriented  (x50)  blend,  a||(hu;)  is  found  to  have 
a  maximum  value  of  2.2  x  10^  cm~‘  at  2.2  eV  for  10% 
MEHPPV  in  PE.  Errors  due  to  reflection  from  the  front 
and  back  surfaces  are  of  order  a  few  percent,  since  the 
index  of  refraction  of  the  dilute  blend  is  approximattiy 
that  of  PE. 

Figure  2  displays  the  80-K  absorption  spectra  of  a 


FIG.  2.  80-K  absorption  spectra  of  a  nononented  free¬ 

standing  film  of  MEHPPV-PE  (solid)  and  a  cast  film  (dashed) 
of  MEHPPV. 
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nononented  free-standing  film  of  MEHPPV-PE  ead  a 
cast  film  of  MEHPPV.  It  is  evident  that  a  considerable 
fraction  of  the  oscillator  strength  is  redistributed  toward 
lower  energy  in  the  MEHPPV-PE  blend  in  comparison 
to  the  cast  film.  In  addition,  the  spectrum  of  MEHPPV 
in  PE  shows  a  sharper  absorption  onset  and  a  narrower 
absorption  band  than  that  of  the  cast  MEHPPV  film. 
Finally,  we  note  the  emergence  of  a  well  defined  shoul¬ 
der  on  the  leading  edge  of  the  nononented  MEHPPV-PE 
spectrum  that  is  not  resolved  in  the  spectrum  of  the  cast 
film. 

Figure  3  compares  the  80- K  absorption  spectra  of 
oriented  (x50)  and  nononented  free-standing  films  of 
MEHPPV-PE.  The  data  in  Figs.  1-3  show  that  tensile 
drawing  the  blend  leads  to  absorption  anisotropy,  to  a 
further  sharpening  of  the  absorption  edge,  to  a  contin¬ 
ued  redistribution  of  spectral  weight  to  lower  energy,  and 
to  improved  resolution  of  the  vibronic  features.  The  low¬ 
est  energy  feature,  clearly  distinguishable  in  the  onented 
blend,  is  attributed  to  a  purely  electronic  transition  be¬ 
tween  the  ground  and  excited  states,  and  is  henceforth 
referred  to  as  the  zero-phonon  absorption  line. 

In  order  to  examine  the  effects  of  temperature,  we  com¬ 
pare  the  80-K  and  300-K  absorption  spectra  for  an  on¬ 
ented  ( X  50)  free-standing  film  of  MEHPPV-PE  in  Fig.  4. 
Temperature  is  seen  to  have  a  large  effect  on  both  the  po¬ 
sition  and  spectral  density  of  the  absorption  line  shape. 
In  the  300-K  spectrum,  a  considerable  amount  of  spec¬ 
tral  weight  has  been  redistributed  out  of  the  zero-phonon 
line  and  into  the  higher  energy  vibronic  features.  In  ad¬ 
dition,  the  300-K  spectrum  is  blue-shifted  by  approxi- 


FIG.  3.  80-K  absorption  spectra  of  an  onented  (x50) 

free-standing  film  of  .MEHPPV-PE  (solid)  and  a  nononented 
(dashed)  free-standing  film  of  MEHPPV-PE. 
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FIG.  4.  30- K  (solid)  and  300-K  (dashed)  absorption  spec¬ 

tra  of  an  oriented  (xSO)  free  standing  film  of  MEHPPV-PE 
for  optical  polarization  parallel  to  the  drawing  axis. 

mately  85  meV  relative  to  the  80-K  spectrum. 

The  simifanty  between  the  300-K  spectrum  of  the  on¬ 
ented  blend  and  that  of  the  nononented  blend  at  80  K  is 
particularly  interesting,  implying  that  the  structural  dis¬ 
order  in  the  nononented  blend  at  80  K  is  comparable  to 
the  thermally  induced  disorder  in  the  onented  blends  at 
300-K. 

The  qualitative  features  of  Figs.  2-4  are  consistent  with 
a  significant  reduction  of  disorder  in  the  MEHPPV-PE 
films  relative  to  pure  MEHPPV  cast  directly  from  solu¬ 
tion;  tensile  drawing  orients  the  conjugated  guest  poly¬ 
mer  and  causes  a  further  reduction  of  disorder  These 
qualitative  observations  are  consistent  with  the  quan¬ 
titative  conclusions  obtained  from  the  fits  presented  in 
Sec.  V. 

B.  Emission 

Figure  5  shows  the  80-K  absorption  and  emission  spec¬ 
tra  for  a  cast  film  of  MEHPPV.  The  photoluminescence 
spectrum  consists  of  a  series  of  well-defined  vibronic 
bands  with  very  distinct  Lorentzian  line  shape  and  with 
an  energy  spacing  of  approximately  180  meV.  The  largest 
feature,  at  2.01  eV,  which  we  assign  as  the  zero-phonon 
emission  line,  has  a  full  width  at  half  maximum  (FWHM) 
of  105  meV.  Also  shown  in  Fig.  5  is  the  negative  numeri¬ 
cal  second  derivative  of  the  absorption  spectrum  (NNSD 
spectrum). 

By  comparing  to  results  of  electroabsorption  experi¬ 
ments  on  poly  acetylene,  it  was  shown^**  that  the  sharp 
features  in  the  second  derivative  of  the  polymer  absorp¬ 
tion  spectra  are  indicative  of  underlying  vibronic  struc¬ 
ture.  From  the  second  derivative  spectrum,  the  energy 
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FIG.  S.  80-K  absorption  (solid)  snd  emission  spectrs  FIG.  6.  80-K  absorption  (solid)  and  emission  spectra 
(dot-dashed)  and  the  negative  numerical  second  derivative  of  (dot-dashed)  and  the  NNSD  spectrum  (doited)  for  nonon- 
the  absorption  spectrum  (NNSD  spectrum)  (dotted)  for  acast  ented  free-standing  film  of  MEHPPV-PE. 
film  of  MEHPPV. 


gap  2A,  and  the  vibronic  splitting  fiwph  are  obtained;  material  obtained  at  high  draw  ratios  (shown  below),  as 

the  values  are  summarized  in  Table  I.  We  assign  the  nonradiative  recombination  is  known  to  be  catalyzed  by 

peak  in  the  second  derivative  spectrum  at  2.20  eV  to  be  defects  and  imperfections. 

the  zero-phonon  absorption  line,  and  from  this  we  esti-  Figure  7  displays  the  80-K  absorption  and  emission 
mate  the  Stokes  shift  (i.e.,  the  energy  difference  between  spectra  and  the  NNSD  spectrum  for  an  oriented  (x50) 

the  zero-phonon  line  in  absorption  and  the  zero-phonon  free-standing  film  of  MEHPPV-PE  for  light  polarized 

line  in  emission)  in  the  cast  film  to  be  189  meV.  parallel  to  the  draw  auds.  The  photoluminescence  spec- 

Figure  6  presents  the  combined  80-K  absorption  and  trum  of  the  oriented  blend  consists  of  a  series  of  well- 

emission  spectra  and  the  NNSD  spectrum  for  a  nonon-  defined  vibronic  bands,  but  with  reduced  energy  spacing 

ented  free-standing  film  of  MEHPPV-PE.  Significant  dif-  ( 162  meV)  relative  to  that  of  the  cast  film  (189  meV).  In 

ferences  are  evident  in  the  vibronic  character  of  the  ab-  addition,  the  zero-phonon  emission  line,  now  at  2.09  eV, 

sorption  and  emission  spectra  for  the  nononented  blend.  has  a  FWHM  of  only  66  meV,  which  is  smaller  by  nearly 

From  the  NNSD  spectrum,  the  absorption  profile  is  a  factor  of  2  than  in  the  cast  film.  In  the  ortenled  blend 

composed  of  a  well-defined  and  quite  harmonic  Franck-  absorption  spectrum,  the  zero-phonon  line  is  centered  at 

Condon  progression,  while  the  emission  spectrum  dis-  2.16  eV,  implying  a  Stokes  shift  of  72  meV; /ess  tAan  fial/ 

plays  broader  features,  implying  a  higher  degree  of  disor-  the  value  found  in  the  cast  film. 

der.  This  asymmetry  in  the  absorption  and  emission  line  Figure  8  demonstrates  the  anisotropy  in  the  80-K  emis- 
shapes  might  result  from  a  competitive  nonradiative  de-  sion  spectra  of  an  oriented  (x50)  fi«e-standing  film  of 
cay  channel  that  is  suppressed  in  the  more  well-ordered  MEHPPV-PE  for  parallel  pumping.  The  inset  displays 


TABLE  I.  Second-deriv.-iiive  analysis:  absorption. 
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FIG.  7.  80-K  absorption  (solid)  and  emission  spectra 

(dot-dashed)  and  the  NNSD  spectrum  (dotted)  for  an  ori¬ 
ented  (xSO)  free-standing  film  of  MEHPPV-PE  for  optical 
polarized  (pump  and  probe)  parallel  to  the  draw  axis. 
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FIG.  8.  80-K  (pump  parallel)  photoluminescence  spectra 

of  an  ortented  ( x50)  free-standing  film  of  MEHPPV- 
PE  for  emission  polarization  both  parallel  and  perpendicu¬ 
lar  to  the  draw  axis.  The  dotted  curve  is  Li.(hu()  scaled 
(times  40)  for  clarity.  The  inset  shows  the  dependence  of 
Laihuj)  on  the  emission  polarization  angle  relative  to  the  draw 
axis  for  parallel  pumping  [the  solid  curve  is  a  fit  to  cos^(#)). 


the  polarization  dependence  of  the  etnisaic.!  measured  at 
the  zero-phonon  line  (2.09  eV)  Residual  scattering  of  the 
pump  sets  a  lower  limit  on  this  anisotropy  of  60: 1  with 
the  preferred  direction  parallel  to  the  draw  axis. 

The  perpendicular  component  of  the  emission  (paral¬ 
lel  pumped),  scaled  times  40  for  clarity,  is  also  shown  in 
Fig.  8.  In  contrast  to  the  parallel  emission  spectrum  (and 
in  addition  to  being  much  weaker),  the  perpendicular 
emission  spectrum  shows  broader  lines  and  considerably 
more  spectral  weight  in  the  higher-order  phonon  lines 
To  our  knowledge,  this  is  the  first  observation  of  truly 
anisotropic  emission  (both  magnitude  and  line  shape) 
in  a  conjugated  polymer  system.  The  spectral  density 
of  Li,(hu)  is  similar  to  that  observed  in  the  cast  films 
(Fig.  5),  suggesting  that  the  perpendicular  component 
of  the  luminescence  originates  from  residual  disordered, 
and  possibly  amorphous,  MEHPPV  in  the  blend 

The  polarization  dependence  of  the  photoluminescence 
was  also  investigated  for  perpendicular  pumping,  again 
showing  that  the  preferred  polarization  of  the  emission 
is  parallel  to  the  draw  aotis  with  an  observed  anisotropy 
of  at  least  30:1  at  2.09  eV.  The  spectral  densities  for 
both  parallel  and  perpendicular  emission  were  found  to 
be  independent  of  the  pump  polarization  and  scaled  with 
the  anisotropic  absorption. 


IV.  EFFECTS  OF  LOCALIZATION 
ON  THE  INTERBAND  TRANSITION 

Although  the  vibronic  structure  observed  in  emission 
is  qualitatively  understood  in  terms  of  the  localized  na¬ 
ture  of  the  relaxed  configuration  of  the  excited  state,  the 
question  arises  as  to  why  one  should  see  vibronic  struc¬ 
ture  in  the  absorption  spectra  of  a  conjugated  polymer 
For  an  undistorted  lattice,  the  normal  mode  vibrational 
wave  functions  x(*'>).  hy  definition,  form  an  orthonormal 
set 

(x(‘'.)lx(*'p)  =  '  (1) 

and  therefore  transitions  between  the  various  vibrational 
states  are  forbidden.  This  strict  orthogonality  is  removed 
by  a  difference  in  the  linear  term  in  the  electron-phonon 
interaction  between  the  ground  and  excited  states,'^ 
which  results  in  a  change  in  the  equlibrium  positions  of 
the  lattice  ions  in  the  excited  state  relative  to  that  of  the 
ground  state.  It  is  convenient  to  model  this  structural 
relaxation  by  a  set  of  orthornormal  configurational  co 
ordmates  Qi  (e.g.,  in  studies  on  finite  polyenes:  carbon- 
carbon  single  and  double  bond-stretch  modes*®  *^),  and 
to  work  within  the  harmonic  approximation.^^  In  this 
picture,  the  excited-state  vibronic  potential  surface  is  dis¬ 
placed  along  the  vector  Q  with  respect  to  that  of  the 
ground  state.  The  magnitude  of  this  displacement  (i.e., 
the  chzuige  in  bond  lengths  upon  excitation)  is  found  to 
be  proportional  to  the  difference  in  the  electron-phonon 
coupling  constant  A  between  the  ground  and  excited 
states.  It  is  common‘s  to  characterize  the  magnitude 
of  this  displacement  by  the  dimensionless  Huang-Rhys 
parameters.  Si 
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where  hui  is  the  vibronic  level  spacing,  AQ,  is  the  nor¬ 
mal  coordinate  displacement,  and  .Vf,  is  the  reduced 
ionic  mass  for  the  mode  Qi-  In  terms  of  5.  the  zero- 
temperature  Franck-Condon  factors  (which  determine 
the  relative  amplitudes  of  the  phonon  sidebands)  are  de¬ 
fined  as^* 


i(x(t'i)ix(o))r- 


(3) 


where  i/,  is  the  number  of  phonons  in  the  excited  state  vi¬ 
bronic  potential.  It  is  clear  from  Eqs.  (2)  and  (3)  that  the 
appearance  of  vibronic  structure  requires  a  finite  normal 
coordinate  displacement,  and  therefore  a  finite  Huang- 
Rhys  parameter. 

For  asmall  molecule,  the  promotion  of  an  electron  from 
the  highest  occupied  molecular  orbital  (bonding)  to  the 
lowest  unoccupied  molecular  orbital  (antibonding)  has 
a  large  effect  on  the  local  bond  order  and  thus  on  the 
lattice  elasticity  coefficient  I\.  Hence,  we  expect  to  see 
the  largest  normal  coordinate  displacements  (and  there¬ 
fore  the  largest  Huang-Rhys  parameters)  on  the  smallest 
molecules.  Granville,  Kohler,  and  Snow*-  demonstrated 
this  trend  by  performing  a  Franck-Condon  analysis  on 
the  absorption  spectra  of  a  system  of  linear  polyenes  with 
two  to  six  double  bonds.  Their  results  indicate  that  the 
magnitude  of  the  change  for  both  the  double  and  sin¬ 
gle  bond  lengths  decreases  as  the  length  of  the  polyene 
increases. 

In  a  completely  ordered  one-dimensional  semiconduc¬ 
tor,  where  the  electronic  wavefunctlons  are  delocalized 
over  the  entire  lattice,  the  change  in  bond  order  due  to 
an  electronic  excitation  would  be  of  order  l/.V  Hence, 
the  change  in  the  linear  electron-phonon  interaction  (i.e., 
the  Huang-Rhys  parameter)  should  be  infinitesimal  and 
a  Franck-Condon  vibronic  structure  should  be  strictly 
forbidden. 

Recent  calculations  by  Salkola  and  Kivelson'^  show 
that,  even  in  a  perfectly  ordered  system,  the  Holstein 
phonon  emission  process  leads  to  the  appearance  of 
phonon  sidebands  in  the  absorption  spectrum.  They  find 
that  the  relative  amplitudes  of  the  multiphonon  lines 
decrease  monotonically  as  A(fiwp(,/2Ao).  For  realistic 
values  of  the  electron-phonon  coupling  constant'  (i.e., 
A  <  1),  the  relative  amplitude  of  successive  phonon  side¬ 
bands  should  be  weighted  by  a  factor  ~  0.05:  an  order  of 
magnitude  smaller  than  experimental  observations  (e.g., 
see  Fig.l). 

Moses  et  al}*  suggested  that  localization  (to  yield  a 
finite  Huang-Rhys  factor)  in  concurrence  with  a  sharp 
feature  in  the  electronic  joint  density  of  states  (such  as 
the  band-edge  square-root  singularity)  would  lead  to  the 
appearance  of  vibronic  structure  in  the  absorption  spec¬ 
trum;  the  more  localized  the  electronic  states,  the  more 
pronounced  the  vibronic  structure.  In  the  analysis  that 
follows,  we  shall  assume  that  the  dominant  mechanism 
responsible  for  the  vibronic  structure  observed  in  the  ab¬ 
sorption  spectra  is  disorder-induced  localization. 

Qualitatively,  the  disordered  ^-electron  system  might 


be  thought  of  as  equivalent  to  a  distribution  of  finite 
oligomers  whose  effective  length  is  the  mean  localization 
length.  Although  not  strictly  correct,  since  the  localiza¬ 
tion  length  is  strongly  dependent  on  the  energy  of  the 
state  within  the  v  and  t*  bands  and  since  the  centers 
of  the  various  localized  states  are  randomly  distributed, 
localization  tends  to  qualitatively  mimic  some  aspects  of 
short  chain  behavior. 

Localization  also  has  implications  for  the  joint  den¬ 
sity  of  electronic  states,  and  therefore  the  absorption  line 
shape.  Disorder-induced  localization  removes  the  strict 
momentum  conservation  (i.e.,  the  electronic  wave  vector 
k  is  no  longer  a  good  quantum  number),  which  in  turn 
suppresses  the  square-root  singularity  in  the  joint  density 
of  electronic  states,”  causing  the  observed  line  shape  to 
appear  more  symmetric. 


V.  FRANCK-CONDON  ANALYSIS 


A.  The  models 
1.  Absorption  model 


In  order  to  facilitate  a  deeper  understanding  of  the 
changes  impressed  on  the  coupled  electron-phonon  sys¬ 
tem  by  the  reduction  of  disorder  and  the  enhanced  de- 
localization  in  the  MEHPPV-PE  blends  at  high  draw 
ratios,  we  utilize  a  variation  of  the  model  proposed  by 
Moses  el  and  assume  that  the  total  absorption  line 
shape  is  a  Franck-Condon  progression  of  a  zeroth-order 
purely  electronic  line  shape,  o<,(fiw): 


a(ftu)  =  ^  a,  ^  )n  1(X(<^.)I\(0))!' 

(V.) 


(d) 


where  the  fiwi’s  are  the  relavent  phonon  energies  of  the 
lattice  vibrational  wave  functions  x(*'i)  The  zeroth- 
order  line  shape  is  assumed  to  be  that  derived  for  a 
one-dimensional  semiconductor  in  the  context  of  the  Su- 
Schrieffer-Heeger  (SSH)  theory,'  but  assuming  a  Gaus¬ 
sian  distribution  of  the  energy  gap  (to  account  for  disor¬ 
der)  centered  about  the  mean  value,  2A, 


a„(fiw)  = 


(5) 


The  inclusion  of  disorder  through  a  Gaussian  distribu¬ 
tion  of  energy  gaps  was  inspired  by  the  work  of  Vardeny 
el  a/.,^*  where  dispersion  effects  observed  in  the  resonant 
Raman  scattering  of  trsns- poly  acetylene  were  attributed 
to  a  distribution  in  values  of  the  electron-phonon  cou¬ 
pling  constant  A.  The  distribution  in  A  arises  from  finite 
localization  lengths,  which  in  turn  are  due  to  disorder 
Other  parameters  being  fixed,  A  uniquely  determines  the 
energy  gap. 


2.  Emission  model 

To  model  the  photoluminescence  spectrum,  we  con¬ 
sider  a  Franck-Condon  progression  of  Lorentzians  (to  ac- 
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TABLE  II.  Fr&iick'Coadon  4naiysu:  *b«orpuoa. 


Sample 

Temp.  (K) 

2Ap 

fiWpk 

7 

S 

OB|| 

80 

2.136 

0.172 

0.040 

0  41 

OB|| 

300 

2.214 

0.162 

0.060 

0  46 

NB 

80 

2.156 

0.168 

0.054 

0.51 

Cast 

80 

2.176 

0.182 

0.070 

0  62 

count  for  the  localized  nature  of  the  gap  states*^)  and 
parameterize  their  height  and  linewidth  according  to 

^  ^ _ _ 

^  ^  -  Z-j  .  A(2u»,)  +  Y.  )2  +  (r,,/2)2 

j 

where  is  the  linewidth  broadening  parameter  for  the 
jth  mode  with  occupation  u,  and  2w<,  is  the  energy  sep¬ 
aration  of  the  two  self-localized  gap  states 

3.  Franck-  Condon  factors 

Because  of  the  relatively  simple  harmonic  progressions 
observed  for  both  absorption  (via  second  derivative  anal¬ 
ysis)  and  emission,  we  will  consider  electronic  coupling 
to  a  single  Raman-active  vibrational  mode  (although  a 
number  of  Raman-active  modes  appear  in  the  1200-1600 
cm"'  range,'*  the  experimental  resolution  observed  in 
Figs.  1-8  does  not  justify  considering  more  than  one 
mode),  and  assume  that  the  Franck-Condon  factors  can 
be  written  as  Eq.  (3). 

B.  Fitting  procedure 

The  absorption  spectra  are  fit  by  a  two-step  pro¬ 
cess  where  the  zeroth-order  line  shape,  calculated  from 
Eq.  (5),  is  fit  to  the  first  feature  in  the  NNSD  spectrum 
of  the  experimental  absorption  until  a  best  fit  (via  x*)  is 
obtained.  Once  Ao  and  7  are  fixed,  Eq.  (4)  is  fit  (again 
via  x^)  entire  experimental  absorption  line  shape 

to  determine  the  vibronic  spacing  ftwph  and  the  Huang- 
Rhys  parameter  S.  Since  the  experimental  resolution  is 
limited  to  I  nm  (4  meV  at  600  nm)  the  resolution  of  the 
three  energy  parameters  (Ao,  7  ^d  fiwph)  is  chosen  to 
be  2  meV. 

For  the  emission  analysis,  Eq.  (6)  is  fit  to  the  data 
with  all  six  parameters  (w,,  wph,  5,  and  the  F^’s)  vary¬ 
ing.  Although  the  best  fits  require  allowing  the  individ¬ 


ual  Lorentzian  linewidths  to  vary,  w,,  wph,  and  S  are 
found  to  be  rather  insensitive  to  Fi  and  Fj  The  fits  are 
weighted  by  the  luminescence  profile  itself,  thus  ensuring 
a  proper  fit  of  the  largest  features  (i.e  ,  the  zero  and  one- 
phonon  lines).  Rapid  convergence  is  found  for  all  fils; 
the  parameters  obtained  from  the  Franck-Condon  anal¬ 
ysis  ue  summarized  in  Tables  II  and  III  for  absorption 
and  emission,  respectively. 


C.  Results  of  the  FVanck-Condon  analysis 

The  best-fit  zeroth-order  line  shape  [Eq.  (5)]  for  the 
oriented  (x50)  MEHPPV-PE  blend  is  shown  as  the  solid 
curve  in  Fig.  9.  The  energy  gap  2A,  and  the  Gaussian 
broadening  parameter  7  are  found  to  be  2.136  eV  and 
40  meV,  respectively.  Also  shown  in  the  figure  (dashed 
line)  is  the  square-root  singularity  characterisitic  of  the 
intrinsic  line  shape  for  an  ideal  one-dimensional  semicon¬ 
ductor  (i.e.,  7*0).  It  is  clear  from  Fig.  9  that  the  zeroth- 
order  line  shape  of  MEHPPV  in  the  oriented  blend  is 
approaching  that  of  the  ideal  one-dimensional  semicon¬ 
ductor. 

Figures  10  and  11  present  the  results  of  the  Franck- 
Condon  analysis  for  the  80-K  absorption  and  emission 
spectra  of  an  oriented  (x50)  thin  film  of  MEHPPV-PE 
for  optical  polarization  parallel  to  the  drawing  axis.  For 
the  onented  blend  (OB),  the  model  fits  both  the  absorp¬ 
tion  and  emission  spectra  quite  well.  Small  deviations 
in  the  photoluminescence  fit  are  attributed  to  anhar- 
monic  effects  on  the  low-energy  side  of  the  spectrum  and 
reabsorption  on  the  high-energy  side  (see  Fig.  7).  We 
find  a  best-fit  Huang-Rhys  parameter  of  0.41  for  the  ab¬ 
sorption  spectrum  and  0.47  for  the  emission  spectrum. 
The  observed  increase  in  5  upon  emission  is  consistent 
with  structural  relaxation  due  to  bipolaron-exciton  self- 
localization.^^ 

By  differentiating  Eq.  (5)  it  is  found  that,  due  to  the 
asymmetric  nature  of  the  zeroth-order  line  shape,  the 
peak  in  the  second  derivative  spectrum  is  always  greater 
than  2Ao,  and  hence  the  NNSD  spectra  (see  Table  I) 


TABLE  III.  Franck-Condon  analysis:  emission. 


Sample _ Temp.  (K) _ fi(2u;o) _ _ £« _ £_ 

OB||  80  2.088  0.162  0.066  0.47 

OBJ.  80  2.084  0.154  0.098  0.85 

Cast  80  2.011  0.180  0  10^ _ ^ 
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FIG.  9.  The  solid  line  is  the  zetoth-otder  line  shspe  m 
calculated  from  Eq.  (5)  (or  the  parameters  listed  in  Table  11, 
row  1.  Also  included  in  the  Agure  is  the  SSH  line  shape 
(dashed)  calculated  (or  a  perfectly  dimerized  one-dimensional 
chain  with  no  disorder  (i.e..  7*0). 


FIG.  11.  Results  of  the  Franck-Condon  photolumines¬ 
cence  analysis  for  an  onented(  x SO)  thin  film  of  MEHPPV.PE 
at  so  K  for  emission  polarization  parallel  to  the  drawing  axis. 


FIG.  10.  Results  of  the  Franck-Condon  absorption  anal¬ 
ysis  for  an  orxented  (xSO)  free-standing  film  of  MEHPPV-PE 
at  30  K  for  optical  polarization  parallel  to  the  drawing  axis. 
As  in  all  subsequent  plots,  the  fit  u  the  solid  Itne  and  the  data 
appears  as  dots. 


FIG.  12.  Results  of  the  Franck-Condon  pkotolumines- 
cence  analysis  for  an  onented(xSO)  thin  film  of  MEHPPV-PE 
at  80  K  for  emission  polarisation  perpendicular  to  the  drawing 
axis. 
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always  overestimate  the  energy  of  the  sero-phonon  line. 
Using  the  results  of  the  Franck-Condon  analysis  (2Ao  = 
2.136  eV  and  2u)a=2.086  eV),  we  find  that  chain  orienta¬ 
tion  and  improved  structural  order  in  the  drawn  (x50) 
films  has  reduced  the  Stokes  shift  to  a  mere  48  meV 

In  Figure  12  we  present  the  results  of  the  Franck- 
Condon  analysis  for  the  parallel  pumped  80- K  photo¬ 
luminescence  spectrum  of  an  onenied  (x50)  thin  film 
of  MEHPPV-PE  for  emission  polarization  perpendicular 
to  the  drawing  axis.  The  large  increase  in  the  Huang- 
Rhys  parameter  for  perpendicular  emission  (5j.=0.85  vs 
5||=0.47)  is  consistent  with  a  significantly  higher  degree 
of  disorder-induced  localization  in  the  residual  nonori- 
entable  fraction  of  MEHPPV  in  the  blend. 

The  differences  in  vibronic  character  for  emission  par¬ 
allel  and  perpendicular  to  the  draw  axis  are  of  particular 
interest  since  they  provide  information  about  the  local 
environment  of  the  recombination  centers.  Although  the 
position  of  the  zero-phonon  line  is  insensitive  to  the  state 
of  polarization,  the  vibronic  spacing  Awph  decreases  from 
162  meV  to  154  meV,  and  the  zero-phonon  linewidth  To 
increases  from  66  meV  to  98  meV  for  the  perpendicu¬ 
lar  component  relative  to  the  parallel  component  These 
observations  are  again  consistent  with  a  higher  degree  of 
disorder  in  the  residual  nonorientable  fraction  of  MEH¬ 
PPV  in  the  blend. 

Figure  13  presents  the  results  of  the  Franck-Condon 
analysis  for  the  300-K  absorption  spectrum  of  an  on- 
ented  (  x50)  thin  film  of  MEHPPV-PE  for  optical  polar¬ 
ization  parallel  to  the  draw  axis.  Because  of  the  lack  of 
vibronic  information  present  in  the  emission  spectrum,  a 


FIG.  13.  Results  of  the  Frauck-Condon  analysis  for  an 
onented  ( X 50)  thin  film  of  MEHPPV-PE  at  300  K  for  optical 
polarization  parallel  to  the  drawing  axis. 


FIG.  14.  Results  of  the  Frank-Condon  analysis  for  a 
nononiented  free-standing  film  of  MEHPPV-PE  at  80  K. 


fit  is  not  justified.  At  300  K,  the  position  of  the  zero- 
phonon  line  (2.214  eV),  the  Gaussian  broadening  param¬ 
eter  (60  meV),  and  the  magnitude  of  the  Huang-Rhys 
parameter  (0.46)  have  all  increased  relative  to  the  80-K 
spectrum.  The  deviations  between  the  fit  and  the  mea¬ 
sured  absorption  line  shape  at  high  energy  (absent  at  30 


FIG.  IS.  Results  of  the  Franck-Condon  absorption  anal 
ysis  for  a  cast  film  of  pure  MEHPPV  at  80  K.  « 
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FIG.  16.  Results  of  the  Franck-Condon  emission  analysis 
for  a  cast  film  of  pure  MEHPPV  at  80  K. 

K)  imply  that  increased  temperature  causes  the  zeroth- 
order  line  shape  of  the  onenled  blend  to  become  more 
symmetric. 

Figure  14  shows  the  results  of  the  Franck-Condon  anal¬ 
ysis  for  the  80-K  absorption  spectrum  of  a  nononenttd 
thin  film  of  MEHPPV- PE.  Because  of  the  lack  of  vi- 


bronic  information  present  in  the  emission  spectrum,  a 
fit  is  again  not  justified.  For  the  absorption  spectrum,  we 
find  a  quite  reasonable  fit  for  a  Huang-Rhys  parameter 
of  0.51.  The  deviations  between  the  fit  and  experiment 
again  imply  a  more  symmetric  line  shape  From  Table  11 
that  the  parameters  found  for  the  uononenttd 
blend  (NB)  at  80  K  (aside  from  the  gap  energy)  are  sim¬ 
ilar  to  those  found  for  the  onented  blend  at  300  K,  m 
agreement  with  the  qualitative  observations  reported  in 
Fig. 4. 

In  Figures  15  and  16  we  show  the  results  of  the  Franck- 
Condon  analysis  for  a  cast  film  of  pure  MEHPPV  The 
results  yield  2Ao=2.176  eV  and  2w,=2.011  eV,  implying 
a  Stokes  shift  of  165  meV.  The  best-fit  Huang-Rhys  pa¬ 
rameter  was  determined  to  be  0  62  for  absorption,  and 
0.63  for  emission. 

To  better  demonstrate  the  mirror  symmetry  that  ex¬ 
ists  between  the  vibronic  progressions  of  absorption  and 
emission,  Figures  17(a)  and  17(b)  summarize  the  results 
of  the  Franck-Condon  analysis  for  the  onented  blend  and 
the  cast  film  at  80  K.  Note  that  the  relative  heights  of  the 
progressions  in  absorption  and  emmission  come  from  the 
Franck-Condon  analysis;  the  normalization  of  the  zero- 
phonon  amplitude  in  absorption  and  emission  is  arbitrary 
and  is  not  intended  to  imply  unit  quantum  efficiency 
Figure  17  is  a  graphic  depiction  of  the  degree  to  which 
the  ground-  and  excited-state  configurational  manifolds 
have  been  modified  aa  a  result  of  gel  processing  and  sub¬ 
sequent  tensile  drawing.  The  observed  mirror  symmetry 
and  finite  Stokes  shift  imply  that  the  relaxation  path¬ 
way  that  yields  the  Stokes  shift  and  that  yielding  the 
harmonic  progression  are  nearly  orthogonal. 


FIG.  17.  Summary  of  the  Franck-Condon  overlap  inten¬ 
sities  for  (a)  an  onented  (xSO)  thin  film  of  MEHPPV-PE  at 
80  K  for  optical  polarization  parallel  to  the  drawing  axis,  and 
(b)  for  a  cast  film  of  pure  MEHPPV  at  80  K. 


VI.  DISCUSSION 

The  results  of  polarization  spectroscopy  and  the 
Franck-Condon  analysis  show  that  gel  processing  and 
subsequent  tensile  drawing  result  in  the  following: 
(1)  Reductions  in  the  linewidth  broadening  parame¬ 
ters  for  both  absorption  and  emission;  (2)  quasi-one- 
dimensionality;  (3)  decrease  in  the  Huang-Rhys  parame¬ 
ter;  (4)  changes  in  the  phonon  frequencies;  (5)  decrease 
in  the  Stokes  shift;  (6)  macroscopic  orientation  and  mi¬ 
croscopic  order;  (7)  changes  in  vibronic  structure 


A.  Linewidth  broadening  parameters 

The  observed  decrease  in  the  linewidth  broadening  pa¬ 
rameters  (see  Tables  II  and  III)  and  the  implied  increase 
in  the  localization  length  in  the  onented  MEHPPV-PE 
blend  are  consistent  with  a  reduction  in  disorder. 

The  large  temperature  dependence  observed  in  the  on¬ 
ented  blend  Gaussian  broadening  parameter  (tso  k=40 
meV  and  7300  tneV)  suggests  that  a  portion  of  this 
broadening  may  be  due  to  low-frequency  librations  (i.e., 
internal  torsional  modes).^”  We  point  out,  however,  that 
further  cooling  samples  to  10  K  yielded  no  additional 
decrease  in  the  Gaussian  broadening  parameter. 
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B.  QtMci*oo*-<llaMosioiial  band  structure 

The  polaxiaation  dependence  of  the  absorption 
and  photoluminescence  spectra  in  the  oriented  blend 
(Figs.  1  and  8)  are  indicative  of  a  highly  anisotropic  elec¬ 
tronic  system.  This,  in  conjunction  with  the  zeroth-order 
line  shape  (Fig.  9),  suggests  that  the  conjugated  polymer 
system  MEHPPV-PE  can  be  accurately  described  in  the 
context  of  the  SSH  tight-binding  form^ism. 

The  best-fit  80- K  Gaussian  broadening  parameter  m 
the  oriented  blend  (40  meV)  sets  an  upper  limit  on 
the  interchain  (3d)  bandwidth,  =  2zt± ,  where 
is  the  interchain  transfer  integral  and  z  is  the  number 
of  nearest-neighbor  MEHPPV  chains.  This  remarkably 
small  value  is  particulzirly  important,  for  it  implies  a 
quasi-one-dimensionai  band  structure 

This  weak  interchain  coupling  might  be  the  result 
of  relatively  large  interchain  spacing  in  .MEHPPV 
Because  of  the  asymmetric  side  chains,  the  macro¬ 
molecules  cannot  pack  as  closely,  for  e.xample.  as  the 
poly(phenylenevinylene)  parent  polymer  On  the  other 
hand,  gel  processing  in  PE  may  effectively  reduce  the 
number  of  MEHPPV  nearest  neighbors.  Frequency- 
dependent  conductivity  results^®  suggest  that  the  con¬ 
jugated  polymer  adsorbs  onto  the  PE  and  decorates  the 
complex  surface  of  the  gel  network.^®  thereby  forming 
connected  (conducting)  pathways  at  volume  fractions 
nearly  three  orders  of  magnitude  below  the  threshold  for 
three-dimensional  percolation  In  this  case,  at  low  guest 
concentration,  the  conjugated  polymer  forms  essentially 
a  monolayer  on  PE  and  z  is  reduced  accordingly.  Finally, 
although  the  two  component  polymers  are  expected  to  be 
immiscible  (since  the  entropy  of  mixing  is  essentially  zero 
for  macromolecules),  the  extended  side  chains  of  .MEH- 
PPV  might  be  sufficiently  '‘polyethylenelike”  to  cause  a 
true  molecular  solution  of  MEHPPV  in  PE,  thereby  re¬ 
ducing  z  to  zero. 

The  relative  magnitudes  of  the  interchain  (three- 
dimensional)  bandwidth  and  the  polaron  binding  energy 
have  interesting  implications  on  the  nature  of  the  non¬ 
linear  excitations,  for  if  the  strength  of  the  interchain 
coupling  exceeds  the  magnitude  of  the  polaron  binding 
energy  (i.e.,  the  Stokes  shift  Es).  the  one-dimensional 
self-localized  polaron  (or  bipolaron)  will  not  be  stable. 
Since  in  the  onenled  blend  the  bipolaron-e.xciton  binding 
energy  (Es  =48  meV)  is  of  the  same  order  as  the  upper 
limit  for  the  transverse  bandwidth,  it  is  not  clear  whether 
or  not  this  stability  criterion  is  satisified. 

Recently,  Rausche  ei  questioned  the  validity  of 
the  band  picture  in  describing  the  absorption  auid  pho¬ 
toluminescence  spectra  in  poly-(p-phenylenevinylene). 
PPV  Their  argument  is  based  upon  a  dispersion  effect 
where  the  spectral  dependence  of  the  photoluminescence 
is  seen  to  be  dependent  on  the  excitation  energy  near  the 
excitation  onset.  From  the  results  presented  here,  it  is 
clear  that  disorder  induced  localization  plays  a  significant 
role  in  determining  both  the  position  and  spectral  profile 
of  the  interband  transition,  as  demonstrated  in  Fig.  8. 
where  the  emission  of  the  oriented  and  ordered  system 
is  found  to  have  a  polarization-dependent  spectral  pro¬ 
file.  In  addition,  we  find  that  the  position  of  the  zero- 


phoooo  liae  (for  both  absorption  and  emission)  changes 
as  the  system  becomes  more  ordered  (see  Fig.  17).  It 
is  not  surprising  to  find  excitation-dependent  (site  selec¬ 
tive)  emission  in  severely  disordered  materials.  Further, 
the  appearance  of  an  excitation  threshold,  above  which 
the  emission  is  independent  of  excitation  energy,  is  con¬ 
sistent  with  the  concept  of  a  mobility  edge,  above  which 
the  electronic  states  are  delocalized  VVe  conclude  that 
the  band  picture  provides  a  valid  description  of  the  ir-e* 
transition  at  least  in  .MEHPPV-PE,  and  that  deviations 
from  this  theory  are  primarily  a  consequence  of  disorder 

C.  Localization  and  the  Huang-Rhys  parameter 

As  summarized  in  Tables  II  and  III,  both  gel  processing 
MEHPPV  in  UHMWPE  and  subsequent  chain  alignment 
by  tensile  drawing  cause  a  decrease  in  the  Huang-Rhys 
parameter.  We  interpret  this  result  as  a  reduction  in 
AA,  the  difference  in  the  electron-phonon  interaction  be¬ 
tween  the  inital  and  final  state,  by  enhanced  electronic 
delocalization — the  l/N  effect. 

By  comparing  the  results  of  the  80- K  and  300- K  anal¬ 
ysis  of  the  oriented  blend,  it  is  clear  that  the  Huang-Rhys 
parameter,  and  thus  AA,  is  an  increasing  function  of  tem¬ 
perature.  Since  it  is  well  known  that  thermal  disorder 
decreases  the  localization  length  of  the  electronic  states, 
the  results  of  the  Franck-Condon  analysis  demonstrate  a 
reduction  of  disorder  and  an  enhancement  of  electronic 
delocalization  in  the  onented  MEHPPV-PE  films. 


D.  Phonon  energies 

The  observed  decrease  in  the  phonon  energies  of  the 
emission  progression,  relative  to  that  of  the  absorption 
progression,  (Tables  II  and  III)  is  consistent  with  a  sig¬ 
nificantly  higher  degree  of  electronic  localization  (self- 
localization)  in  the  split-off  gap  states.  It  is  emphasized 
that  neither  the  vibronic  structure  observed  in  absorption 
nor  that  observed  in  emission  is  that  of  the  true  ground 
state.  Absorption  spectroscopy  probes  the  vibrational 
manifold  of  the  excited-state  prior  to  self-localization 
effects,  while  photoluminescence  probes  the  restricted 
manifold  of  the  self- localized  gap  states  ±1^9.  The  in¬ 
creased  localization  yields  a  larger  change  in  the  local 
bond  order  in  the  gap  state,  causing  a  softening  of  the 
gap-state  vibrational  manifold  with  respect  to  that  of  the 
inital  (i.e.,  before  self-localization)  excited  state.  Hence, 
one  would  expect  to  find  softer  phonons  and  a  higher  de¬ 
gree  of  anharmonicity  in  the  luminescence  spectra,  con¬ 
sistent  with  experimental  observations.  This  explana¬ 
tion  is  substantiated  by  examining  the  effects  of  increas¬ 
ing  temperature,  well  known  to  decrease  the  localization 
length,  on  these  phonon  energies.  Tables  I  and  II  show 
a  decrease  (with  increasing  temperature)  in  the  spacing 
of  the  vibronic  features  observed  in  absorption.  Qualita¬ 
tively,  the  conclusion  is  once  again  clear:  the  structural 
disorder  in  the  nonoriented  films  and  the  thermal  dis¬ 
order  in  the  oriented  films  have  comparable  effects  and 
therefore  lead  to  comparable  changes  in  the  electronic 
localization  lengths. 
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E.  Stokes  shift  end  conAnement 

Perhaps  the  most  intriguing  effect  of  gei  processing  and 
subsequent  stretch  orientation  on  the  electronic  structure 
of  the  conjugated  polymer  guest  is  the  reduction  of  the 
Stokes  shift.  Using  the  values  obtained  from  the  Franck- 
Condon  analysis  (Tables  II  and  III)  we  find  a  Stokes 
shift  of  165  meV  for  the  cast  film  and  48  meV  for  the 
onented  blend,  a  reduction  by  more  than  a  factor  of  3. 
Based  on  this  result,  it  is  not  unreasonable  to  expect  that 
in  a  perfectly  ordered  system  the  Stokes  shift  would  be 
even  smaller  (perhaps  zero).  Certainly,  if  one  can  ne¬ 
glect  guest-host  caging  effects  (e  g.,  the  Stokes  pressure 
effect”),  the  48-meV  value  sets  an  upper  limit  on  the  in¬ 
trinsic  Stokes  shift  arising  from  self-localization  to  form 
a  neutral  bipolaron-exciton  in  the  perfectly  ordered  poly¬ 
mer. 

Using  the  analysis  of  Brazovskii  and  Kirova,”  the 
polaron-exciton  confinement  parameter,  as  defined  by  the 
Stokes  shift,  Es  =  2(Ao  —  Wo),  is  given  by 


As  seen  from  Tables  II  and  III  the  bipolaron-exciton  con¬ 
finement  parameter  increases  by  more  than  a  factor  of 
2  when  going  from  the  cast  film  (ysE  *  2.85)  to  the 
onented  blend  (tbe  **  6.30).  These  values  should  be 
compared  to  those  obtained  by  photoinduced  absorption. 
For  charged  bipolarons,  Voss  et  a/.”  find  a  photoinduced 
confinement  parameter  of  0.23  for  MEHPPV.  It  is  known, 
however, that  the  confinement  parameter,  as  defined  by 
the  gap  states  of  the  neutral  bipolaron-excitons  (via  lumi¬ 
nescence  spectroscopy),  is  found  to  be  an  order  of  mag¬ 
nitude  larger  than  that  inferred  from  the  spectroscopy 
of  charged  bipolarons  (generated  either  by  doping  or  by 
photoexcitation).  This  discrepancy  has  been  attributed 
to  the  neglect  of  the  Coulomb  interaction  between  the 
two  charges  comprising  the  defect. 

The  Brazovskii  and  Kirova”  analysis  also  allows  one 
to  define  the  spatial  extent  of  the  bipolaron  exciton 


f-BE  =  2(x9  -(-  0  , 

(8) 

where  the  kink  pair  separation  2xo. 
length  ^  are  given  by 

and  kink  coherence 

2x,  =  ^aQCOth(a) 

(9) 

coth(a) 

(10) 

and  Brazovskii  and  Kirova's  puameter  a  is  related  to 
the  confinement  parameter  7be  [Eq.  (7)]  by 

Tbe  =  csch(Q)sin"‘[sech(a)]  .  (11) 

If  we  use  the  confinement  parameter  obtained  from  the 
Stokes  shift,  the  spatial  extent  of  the  bipolaron  exciton 
is  calculated  to  be  38  A  in  the  cast  film  and  63  A  in  the 
onented  blend. 


F.  Aligned  versus  ordered 

The  polarized  absorption  and  photoluminescence  of 
stretch  oriented  poly(phenylenevinylene)  (PPV)  has 
been  studied  in  great  detail  by  Friend.  Brodiey,  and 
Townsend. Their  results  indicate  a  dichroic  ratio  of  10  1 
for  absorption  and  an  emission  anisotropy  of  only  3  1  In 
addition,  the  spectral  dependence  of  the  emission  pro¬ 
file  was  found  to  be  independent  of  polarization  ipump 
and  probe).  They  attributed  these  observations  to  the 
localized  nature  of  the  bipolaron  exciton 

In  MEHPPV  oriented  by  gel  processing  in  UH.MVVPE. 
we  observe  anisotropic  photoluminescence  (both  in  mag¬ 
nitude  and  spectral  density)  and  an  exceedingly  small 
Stokes  shift.  These  results  imply  that  the  bipolaron  ex¬ 
citon  is  delocalized  over  many  unit  cells  [e  g  ,  Eq  (8)] 
To  accomodate  this  relatively  high  degree  of  electronic 
delocalization,  the  conjugated  polymer  must  not  only  be 
macroscopically  aligned,  but  microscopically  ordered  as 
weU. 

G.  Interpretation  of  vibronic  structure 
1.  System  free  of  disorder 

The  extrapolation  of  the  results  of  the  Franck-Condon 
analysis  to  the  ideal  conjugated  macromolecule,  free  of 
disorder,  suggests  that  there  will  be  neither  vibronic 
structure  nor  a  Stokes  shift  (i.e.,  an  absence  of  struc¬ 
tural  relaxation  in  the  excited  state).  The  latter  is 
quite  surprising  in  light  of  the  work  of  Schuttler  and 
Holstein, where  the  quasi-one-dimensionai  polaron  sta¬ 
bility  criterion  is  found  to  set  rather  liberal  constraints 
on  the  transverse  bandwidth.  The  observed  anisotropy 
in  both  the  interband  transition  and  the  recombination 
luminescence  in  onented  MEHPPV-PE  implies  a  quasi- 
one-dimensional  electronic  structure,  seemingly  in  con¬ 
tradiction  with  the  observed  trend  in  the  Stokes  shift 

2.  System  vith  disorder 

While  it  is  clear  that  the  structure  observed  in  the 
emission  spectrum  results  &om  vibronic  transitions  be¬ 
tween  localized  levels,  the  assignment  of  the  correspond¬ 
ing  features  seen  in  absorption  is  the  subject  of  debate 
Moses  et  al.^*  attributed  the  vibronic  structure  observed 
in  cis-polyacetylene  to  a  specifically  nonlocalized  phonon- 
assisted  interband  transition.  If  this  were  indeed  the 
case,  one  would  not  expect  to  see  a  correlation  between 
the  relative  magnitudes  of  the  Franck-Condon  overlap 
factors  for  emission  (transition  between  localized  levels) 
and  the  interband  transition.  As  demonstr2Ued  above, 
there  exists  not  only  a  correlation,  but  near  perfect  mir¬ 
ror  symmetry  (see  Fig.  17).  Furthermore,  the  effects  of 
gel  processing  and  subsequent  tensile  drawing  on  these 
Franck-Condon  progressions  are  virtually  identical. 

Hence,  it  seems  clear  that  the  vibronic  structure  ob¬ 
served  in  absorption  in  real  samples  (with  imperfect 
structural  order)  is  indicative  of  the  direct  photoproduc¬ 
tion  of  an  excited-state  relaxed  configuration  whose  zero- 
point  motion  overlaps  that  of  the  ground  state  (i.e.,  quan- 
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turn  lattice  effects).  With  improved  order,  the  higher- 
order  features  in  the  vibronic  progression  decrease  in  am¬ 
plitude  and  the  absorption  approaches  that  of  the  inter- 
band  transition  in  the  ideal  ciuasi-one-dimsional  semicon¬ 
ductor. 

The  observed  Stokes  shift  between  the  zero-phonon 
lines  of  absorption  and  emission  indicates  that  prior  to 
emission,  the  bipolaron-exciton  undergoes  a  secondary 
dynamical  relaxation  (i.e.,  photoexcitation  occurs  to  a 
configurational  saddle  point  which  subsequently  relaxes 
to  a  localized  state  before  emission  can  occur)  The  fact 
that  the  subsequent  dynamical  relaxation  does  not  de¬ 
stroy  the  Franck-Condon  mirror  symmetry  suggests  that 
the  dynamical  configurational  coordinate  which  yields 
the  Stokes  shift  is  essentially  orthogonal  to  the  coordi¬ 
nate  responsible  for  the  observed  vibronic  structure. 

VII.  CONCLUSION 

We  have  demonstrated  a  method  for  obtaining 
aligned  and  structurally  ordered  conjugated  polymers  by 
mesoscopic-scale  epitaixy  using  gel  processing  in  blends 
with  PE  and  subsequent  tensile  drawing.  By  control¬ 
ling  the  concentration  of  conjugated  polymer  in  the 
blend,  durable  samples  with  desired  optical  density  and 
anisotropy  have  been  obtained.  Using  these  materials, 
we  have  identified  the  spectral  changes  that  occur  as  a 
result  of  the  improved  structural  order  induced  by  align¬ 
ment  of  the  conjugated  macromolecules.  The  principal 
conclusions  of  these  studies  are  as  follows. 

(1)  The  electronic  structure  of  MEHPPV  in  PE  is 
quasi-one-dimensional  with  weak  interchain  coupling, 
Wj.  <-10  meV'. 

(2)  For  MEHPPV  in  PE,  the  structural  order  is 
sufficient  to  enable  the  determination  of  the  intrinsic 
line  shape  of  the  interband  absorption;  we  find  the 
band-edge  square-root  singularity  characteristic  of  aone- 
dimensional  semiconductor. 

(3)  The  polarized  photoluminescence  (L||/Lx  >60:1) 
implies  that  the  dominant  source  of  emission  is  from  delo¬ 
calized  bipolaron-excitons  extended  along  the  MEHPPV 
chains.  Even  with  a  perpendicularly  polarized  pump, 

IS  strongly  polarized  along  the  chain  direction, 
implying  that  photoinjected  polarons  on  seperate  chains 
migrate  until  an  oppositely  charged  polaron  is  encoun¬ 
tered  on  the  same  chain. 

(4)  The  details  of  the  spectral  changes  (sharper  ab¬ 
sorption  edge  and  enhancement  of  the  zero-phonon  vi- 
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bronic  transition)  that  are  induced  by  the  improvemenU 
in  structural  order  imply  a  significant  increase  of  the  lo¬ 
calization  length.  The  Franck-Condon  analysis  of  the 
vibronic  sidebands  shows  a  reduction  in  AA,  the  differ^ 
ence  in  the  electron-phonon  interaction  between  the  imtal 
and  final  state,  by  enhanced  electronic  delocalization— 
the  l/N  effect. 

The  principal  trends  observed  with  chain  alignment 
and  improved  order  are  in  agreement  wuh  intuitive  ex¬ 
pectations.  However,  the  remarkably  small  Stokes  shift 
in  the  most  highly  aligned  and  ordered  material  is  dif¬ 
ficult  to  understand.  The  observed  anisotropy  m  both 
the  interband  transition  and  the  recombination  lumi¬ 
nescence  in  onented  MEHPPV- PE  implies  a  quasi-one- 
dimensionad  electronic  structure,  seemingly  m  contradic¬ 
tion  with  the  observed  trend  in  the  Stokes  shift  Al¬ 
though  the  interchain  coupling  is  weak,  Wj_  <40  meV.  it 
might  nevertheless  be  sufficient  to  prevent  polaron  self¬ 
localization.  Only  if  this  is  the  case  and  if,  in  addition, 
the  attractive  Coulomb  interaction  between  the  electron 
and  the  hole  is  sufficiently  well  screened  to  prevent  the 
formation  of  a  bound  exciton,  would  the  Stokes  shift  ac¬ 
tually  go  to  zero. 

Thus,  through  gel  processing  of  a  conjugated  polymer 
in  ultrahigh-molecular-weight  polyethylene,  we  have  suc¬ 
ceeded  in  achieving  sufficiently  ordered  material  that  we 
are  able  to  begin  to  study  the  intrinsic  anisotropic  opti¬ 
cal  properties  (both  in  absorption  and  enussion)  of  the 
conjugated  polymer,  MEHPPV.  By  comparing  the  data 
from  samples  with  different  degrees  of  disorder,  we  have 
been  able  to  separate  those  features  which  arise  explicitly 
from  disorder.  The  remarkable  anisotropy  (e.g.,  greater 
than  60:1  in  the  polarized  luminescence)  emphasizes  once 
again  the  unique  features  and  the  special  opportunities 
which  result  from  the  quasi-one-dimensional  electronic 
structure  of  conjugated  polymer  semiconductors. 
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Highly  oriented  thin  fiims  of 
poly(tetrafluoroethylene)  as 
a  substrate  for  oriented 
growth  of  materials 

JMn  Claud*  Wlttmann*  A  Paul  Smttht 

Materials  Department  and  roepartment  of  Cnemical  and 
Nuclear  Engineering.  University  of  California  at  Santa  BarOara. 
Santa  Barpara.  California  93106.  USA 


The  formatloa  of  highly  orieatcd  stnictvrcs sach  as  siagic  crystals, 
single-ftoinaia  liquid  crystals  sad  systeoM  coatprisiag  uaiaxiaily 
oriented  crystallites  is  iaiportaat  la  auay  agplicatioas  of  thin  films 
and  iaterfaccs.  ranging  from  materials  rcinforcemcat  to  molecular 
electronics.  Of  the  omthods  that  exist  for  forming  such  oriented 
structures,  however,  few  have  sufficient  gcacrality  to  make  them 
applicable  to  materials  of  differiag  chemical  compositioa  or  phy¬ 
sical  properties.  Here  we  present  a  simple  aad  sarprisiagly  versatile 
method'  for  orieating  a  vrMe  variety  of  ciystalliac  aad  liquid- 
crystalline  nuterials.  incinding  polyamrs,  aMMoaMrs  aad  small 
organic  and  iaorgaak  moicculea.  la  oar  technique,  a  thin,  siagle- 
ciystal-like  film  of  polyftetrallaoroethyleae)  (FIFE)  is  deposited 
mechaaically  oa  a  smooth  sabatrate  such  as  glass.  Materials  grown 
on  this  coated  surface  from  solutioa.  amlt  or  vapour  phases  show 
a  remarkable  degree  of  aUgnmeaC 

The  commercial  significance  of  oriented  systems  derives  from 
the  faa  that  the  properties  of  the  oriented  materials  may  exceed 
those  of  the  isotropic  species  by  orders  of  magnitude.  For 
example,  increases  of  more  than  a  factor  of  100  have  been 
reported  for  the  stiffness  and  strength  of  highly  oriented  crystal¬ 
line  polymers’"*  and  for  the  electrical  conduaivity  of  doped 
and  aligned  conjugated  macromolecules’'^  compared  with  un¬ 
oriented  materials.  Amongst  many  other  examples  of  improved 
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performance  of  oriented  materials  are  enhanced  thermal  con¬ 
ductivity',  piezoelectric  properties'^  and  optical  transparency. 

A  wide  vanety  of  techniques  has  been  developed  to  promote 
onented  growth.  For  example,  metals,  polymers  and  small 
molecules  not  prone  to  form  large  si  ngle  crystals  have  been 
processed  into  onented  structures  through  epitaxial  crystalliz¬ 
ation  on  single-crystal  substrates'"  "  or  on  moderately  oriented 
polymers'^  ''*  In  isolated  cases,  graphoepnaxy''.  which  ;s  onen¬ 
ted  growth  on  substrates  of  supramolecular.  microscopic  grat¬ 
ings  (of  typical  spacing  '-0.3M.mi,  has  been  reported  to  be 
successful.  Small-molecule  liquid  crystalline  compounds,  which 
are  important  in  display  technology,  are  oriented  into  domains 
by  deposition  on  'rubbed'  surfaces  of  cenain  polymers'*'*' 
and/or  in  magnetic  or  electric  fields.  Oriented  structures  of 
macromolecules,  such  as  films  and  fibres,  are  generally  made 
by  mechanical  deformation  in  the  solid,  gel  or  liquid  crystalline 
state-'",  or  by  epitaxial  crystallization  i  see.  for  example,  reviews 
in  refs  18  and  19).  Virtually  all  of  the  above  techniques  either 
produce  only  a  limited  degree  of  order,  or  are  restricted  to  a 
limited  .range  of  materials.  The  method  that  we  present  here, 
however,  is  highly  versatile,  enabling  oriented  growth  of  a  wide 
vanety  of  materials. 

The  deposition  of  the  thin,  orientation-inducmg  layers  of 
PTFE  is  relatively  straightforward,  and  derives  from  detailed 
observations  made  by  workers  in  the  field  of  polymer  wear" 

The  method  is  schematically  depicted  in  Fig.  lu.  Electron- 
diffraction  studies  of  the  PTFE  layers  i  Fig  Ibi  showed,  in 
accordance  with  previous  observations'",  that  the  chain  axis  of 
the  PTFE  macromolecules  was  oriented  parallel  to  the  glass 
surface  (in  other  words  in  the  plane  of  the  layeri  and  along  the 
sliding  direction.  The  observed  alignment  and  crystalline  perfec¬ 
tion  of  deposited  layers  were  very  high  and  compared  favourably 
with  those  found  in  extended  chain  whiskers  of  PTFE  directly 


formed  d'uring  synthesis^^  or  in  high-performance,  gel-processed 
ultra-high  molecular  weight  polyethylene'^  A  transmission 
electron  micrograph  of  a  platinum/ carbon  replica  of  the  PTFE 
layer  is  presented  in  Fig.  Ic.  This  micrograph  shows  that  the 
surface  was  not  molecularly  smooth,  but  consisted  of  many 
steps  of  various  heights,  which  extended  along  the  path  of 
deposition. 

These  PTFE-coated  glass  slides  subsequently  were  used  as 
substrates  for  the  deposition  of  a  vanety  of  matenals.  The  species 
of  interest  were  grown  on  the  substrates  from  the  melt,  solution 
or  gas  phase,  at  temperatures  below  the  melting  point  of  PTFE 
(~340°C). 

A  first  example  is  given  in  Fig.  2a,  which  shows  an  optical 
micrograph  of  polyl  f -caprolactone),  PCL,  crystallized  from  the 
melt  onto  the  onented  PTFE  layer,  and  on  the  adjacent  bare 
glass  surface  as  a  reference.  The  left-hand  side  of  the  figure 
reveals  the  typical  isotropic,  spherulitic  growth  habit  of  polyi  e- 
caprolactone)  crystallized  on  the  uncoated  glass.  The  right-hand 
side,  by  contrast,  shows  the  striking,  homogeneously  onented 
morphology  of  the  polymer  grown  on  the  PTFE  layer.  The 
optical  properties  of  the  film  unambiguously  demonstrated  that 
the  poly(  E -caprolactone)  macromolecules  are  onented  parallel 
to  the  PTFE  chains. 

Interestingly,  precipitation  on  PTFE-coated  substrates  from 
solutions  of  vanous  species  in  many  cases  also  yielded  onented 
films.  Illustrative  examples  are  poly-para(phenylenetereph- 
thalamide),  which  is  the  constituent  of  the  high-performance 
aramid  fibres  Kevlar®  and  Twaron®,  and  the  electncally  con¬ 
ducting  polymer  polyaniline,  both  of  which  were  precipitated 
from  concentrated  i96%)  sulphuric  acid  by  exposure  to  moist 
ait"*.  An  optical  micrograph  of  the  latter  polymer  is  shown  in 
Fig.  2b.  Again,  this  micrograph  illustrates  the  conspicuous  struc¬ 
tural  differences  between  the  polyaniline  precipitated  on  the 


F(G.  1  a  Scfiematic  diagram  of  mechanical  deposition  of  mm  layer  of 
poiyltetrafluoroethyienei  (PTFE)  A  Par  of  solid  PTFE  (A)  i$  moved  agamst  a 
smooth  counterface,  for  example  glass  (B).  at  controlleo  rate  and  tem¬ 
perature.  while  applying  a  pressure.  This  simple  procedure  (eaves  on  the 
glass  surface  a  thin  layer  of  highly  oriented  PTFE  IC)  Typically,  the  tern- 
perature  of  the  glass  surface  was  130  "C.  the  sliding  rate  1  mm  s  '  ano 
the  pressure  -llvgem"*  Depending  on  the  pressure,  temperature  and 
sliding  rate  the  thiOmess  of  the  deposited  layer  can  be  varied  from  -2- 
100  nm  0.  Bectron  diffraction  pattern  of  the  PTFE  layer  The  chain  axes  of 
the  macromolecules  are  oriented  along  the  sliding  direction  which  was 
vertical  This  pattern  shows  the  extraordmary  degree  of  orientation  ano 
crystalline  perfection  of  the  PTFE  layer  a  Transmissioo  electron  mtaograpn 
of  the  mechanically  deposited  PTTC  fSm.  The  film  was  shadowed  with 
platinum  and  carOon  and  backed  with  a  carOon  support  layer  (arrow  indicates 
sliding  directioni. 
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PKj  2  a.  Ooiicai  'rucrograon  tanep  with  crossea  ooianzers.  of  ooiytf- 
caoroiaciot'e'  crvstaiiizeo  on  a  glass  siioe  oafian»  tci-erea  with  a  thin  layer 
of  ongnteo  P'^^E  'he  ooiy  f  -caoroiactone,  was  orecioitateo  'rom  a  CHClj 
solution  oyevaooraiion  of  :he  solvent  Suoseouentiv  •neooivmer  was  melted 
ana  recrystailizeo  from  the  melt  fhe  left-hana  sioe  o'  the  orotograoh  snows 
the  typical  isotropic  spherulites  oDserved  for  isotropicaiiv  crvstaiiizeo ooiyif- 
caproiactonei  By  contrast,  the  ngnt-hana  sioe  of  the  picture  displays  a 
highly  oirefrmgent.  homogeneously  oriented  poiyif -caproiactonei  structure, 
which  resulted  ‘rom  growth  on  the  PfFE  layer  it  snouio  se  -otea  that  the 
latter,  very  thin  -^lOnmi  layer  itself  is  virt.ailv  nvisioie  n  -ne  polarizing 
optical  microscope  Note  also  the  presence  of  a  marheo  transcrystalline 
zone  at  the  oounoary  of  the  P^FE  'ayer  o  Optical  micrograph  tanen  with 
crossea  ooianzers.  o'  poiyamline  crystallized  onto  a  thm  laver  of  oriented 
PTFE  'he  poiyaniline  was  precipitated  from  96"o  SuiPhunc  acid  ov  aosorption 
of  moisture  from  the  air  The  left-siOe  of  the  photograph  snows  the  typical 
isotropic  spherulites  ooserved  ‘or  polyanmne  8v  contrast  the  right-hand 
Side  snows  a  highly  oirefrmgent.  homogeneous  ooiyanmne  str -cture  resulting 
from  growth  on  the  PTFE  layer  The  scale  oar  represents  1  mm  on  Doth 
micrographs  Electron  diffraction  pattern  of  a  nigniv  oriented  poiytp- 
ryiylenei  PPX)  film  m  its  i3  crystal  'orm  'he  ooivmer  Mm  was  directly 
synthesized  ‘rom  the  gaseous  monomer  p-iviviene  oy  deposition  under 
vacuum  Oh  a  glass  suae  coated  with  onentea  P'FE  j  c  W  S  Graff.  S.  Meyer 
and  P  S .  manuscript  m  preparation  ana  ref  26i  'he  as-oolymenzed  PPX 
film  was  suosequently  annealed  at  ~300  'C  ppx  cnam  axis  is  vertical. 
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FIG.  3  Optical  micrograph  tahen  with  crossed  polarizers,  of  the  small- 
molecule  iquid  crystalline  compound  a-cyano-4  -n-hexylOiphenyl  (K  18.  BOH 
Ltd!  grown  on  a  glass  suostraie  that  was  coaled  with  a  thin  layer  of  PTFE 
m  a  helical  pattern  m  this  case  a  continuous,  nonlinear  structure  was 
produced  Dv  moving  a  pencil-shaped  ptfe  rod  n  a  spiralling  path  across 
the  glass  suostrate  'ne  iiduio  crystalline  compound  was  then  applied  to 
the  decorated  suPstrate  'his  optical  micrograph  shows  that  the  ixjuid 
crystalline  latenai  formed  domains  with  a  continuously  changing  director 
'oiiowing  the  onentatiO'  o’  me  underlying  ptfe  layer  Scale  Oar  represents 
1  mm 
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TABLE  1  ExamplM  of  matefials  grown  m  higMy  oriented  form  on  mecti- 
ancalty  deposited  mm  films  of  PTFE 


Species 

Conditions* 

Small  organic 

adipic  acid 

vapour 

anthraquinone 

meiL  200  “C 

chloranil  (tetracNoro-p-Oenzoquiixine) 

vapour 

alkanes 

melt  100  “C 

perfluoroalkanes 

melt  180  “C 

2-methyl  4-nitroaniline 

vapour 

Inorganic 

thallium  chloride 

vapour 

Liquid  crystalline 

mixtures  of  A-cyano-A'-n-alkylbiphenyis 

melt  80  X 

4-n-propyl-cyclohexyl-4'.«thoxyoenzene 

melt.  100  *C 

poly-(4-cyanophenyl  4-(6  acryloyloxy- 

hexyloxy)  be'zoatel 

melt  150  “C 

Monomer 

para-xylylene.  polymerized  into 

.  ooly(p-xyiylene) 

t 

Polymer 

poly(tetrafluoroethylene)  oligomers 

melt  200  X 

polylethyiene  terephthalate) 

melt.  270  “C 

poiylbutyiene  terepnthaiate) 

melt.  260  “C 

polyethylene 

melt.  160  ’C 

nylon  6 

melt,  280  “C 

nylon  11 

melt  200  X 

poly(  1-butene) 

melt  150  “C 

poly-c(caproiactonel 

melt.  100  “C 

poly  aniline 

5  wt%  solution  in 
25’C 

poly-para-Ipnenylene  terepntnalamiOel 

2  wt%  solution  in 
HjSO,.  25  X 

•  Conditions  refer  to  the  method  of  deposition. 

‘  J.C.W..  S.  Graff,  S.  Meyer  and  P  S.,  manuscript  in  preparation;  see  also 
ref  26 


orienting  PTFE  layer  and  on  the  uncoated  glass  surface.  These 
examples  illustrate  an  important  advantage  of  the  present  PTFE 
orienting  layers,  which  is  their  excellent  resistance  against  most 
known  chemicals,  including  highly  aggressive  acids. 

Oriented  polymer  structures  were  obtained  not  only  by  crystal- 
lization  but  also  by  direa  polymerization  of  a  monomer  on  the 
PTFE  orienting  layers,  as  is  exemplified  by  poly-p-xylylene 
(PPX)  (J.C.W.,  S.  Graff,  S.  Meyer  and  P.  S.,  manuscript  in 
preparation).  An  elearon  diffraction  pattern  showing  the  out¬ 
standing  uniaxial  orientation  of  the  polymerized  PPX 
macromolecules  is  shown  in  Fig.  2c. 

Figure  3  illustrates  the  use  of  the  orientation-inducing  PTFE 
layers  to  form  ordered  structures  of  small-molecule  liquid  crys¬ 
talline  compounds.  Featureless  mono-domains  of  certain  liquid 
crystals  were  observed  when  deposited  on  uniaxially  oriented 
PTFE  layers.  The  micrograph  of  Fig.  3  shows  a  structure 
manufactured  by  depositing  PTFE  in  a  continuous,  nonlinear 
pattern,  and  subsequently  applying  the  liquid  crystalline  com¬ 
pound  4-cyano-4'-n-hexylbiphenyl.  This  optical  micrograph 
shows  that  the  latter  compound  formed  domains  with  a  con¬ 
tinuously  changing  director  (principal  axis  of  orientation),  fol¬ 
lowing  and,  in  fact,  ’developing"  the  underlying  PTFE  orienta¬ 
tion  layer. 

Table  1,  finally,  gives  a  sample  of  the  variety  of  species  that 
were  found  to  form  highly  oriented  films  on  the  PTFE  layers. 

It  is  useful  to  contrast  the  present  orientation  technique  with 
previously  reported  methods  that  use  polymeric  substrates.  As 
mentioned  above,  workers  have  attempted  to  induce  epitaxial 
growth  of  various  materials  on  polymer  films  oriented  by  tensile 


drawing  -  Note,  however,  that  conventional  tensile  defonna- 
tion  often  yields  relatively  thick  films  of  only  modest,  ofter 
inhomogeneous  onentation,  typically  with  an  average  angle  of 
mismatch  between  the  draw  direction  and  molecular  axis  of 
'15“  or  more.  Crystalline  species  grown  on  these  modestly 
onented  films  therefore  have  only  moderate  order  over  limited 
distances.  By  contrast,  the  present  ultra-thin  PTFE  films,  and 
the  matenals  grown  on  them,  display  an  outstanding  degree  of 
onentation,  as  is  shown  by  Figs  2-4.  In  addition,  unlike  our 
results  (see  Table  1).  relatively  few  matenals  have  generallv 
been  reported  to  grow  m  an  oriented  fashion  on  films  produced 
by  tensile  drawing. 

In  a  different,  commonly  used  process,  small-molecule  liquid 
crystals  are  onented  on  rubbed  or  butfed  polymer  coatings  “ 
Presumably  the  rubbing  technique,  which  involves  several  steps, 
induces  some  onentation  of  the  chains  and/or  the  formation  of 
grooves  on  the  macromolecular  substrate  surface,  which  may 
be  responsible  for  its  ability  to  orient  the  crystals'*  '  ■'  The 
present  PTFE-deposition  technique  is  much  simpler,  involving 
only  one  step,  yields  very  thin  films  of  outstanding  orientation 
and  seems  more  versatile. 

The  origin  of  this  remarkable  orienting  capacity  of  the  PTFE 
layers  is  as  yet  unclear.  Nevertheless,  the  high  degree  of  onenta¬ 
tion  of  the  present  layers  is  likely  to  improve  onented  growth 
of  the  few  species  that  have  previously  been  reported  to  show 
'epitaxial'  interactions  with  moderately  onented  PTFE,  such  as 
poly(e-caprolactone),  polyethylene  and  polyamides''*  But  as  is 
evident  from  Table  1,  many  more  species  can  be  onented  on 
the  present  PTFE  layers.  Their  improved  onenting  capacity  and 
versatility  originate  in  a  specific  surface  topography  combined 
with  a  favourable  crystal  structure.  The  surface,  which  resembles 
a  nanometre-scale  artificial  grating,  may  induce  preferential 
onented  nucleation  of  the  multitude  of  steps  rum.ing  along  the 
deposition  direction,  and  allow  for  crystal  lattice  matching  nor¬ 
mal  to  it.  In  this  regard,  we  note  that  above  19  °C  i  where  most 
of  the  depositions  are  carried  out),  the  orienting  PTFE  layers 
have  an  unusual  crystal  structure,  with  a  regular  penodicity 
perpendicular  to  the  chains  of  ~5  A,  which  is  a  fairly  common 
characteristic  dimension  in  solids;  and  the  structure  largely  lacks 
order  along  the  chains,  which  might  have  restricted  oriented 
growth.  H 
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